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FOREWORD . 


Under NASA Contract NAS 5-21715, the Ai Research Manufacturing Company, 
a Division of The Garrett Corporation, developed a 65°K Vuilleumier (VM) 
cryogenic refrigerator for the NASA Goddard Space Flight Center (GSFC), 
Greenbelt, Maryland. During the program, thermal analysis and stress analysis 
notebooks were compiled for submittal to GSFC. This two-volume document con- 
tains (or references) all material compiled during the course of the thermal 
and stress analyses. In certain instances, copyrighted reference material 
was used during the analytical work and will not be reproduced in this 
doc ument. 

Volume I, identified as Ai Research document 74-9896-1, presents the 
detailed thermal analysis that was conducted during the program. 

Volume 2, identified as AiResearch document 74-9896-2 presents the 
detailed stress analysis that was conducted during the program on various 
component parts/assemblies of the VM refrigerator. 
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SECTION 1 


INTRODUCTION 


The VM refrigerator thermal design is a lengthy iterative process. 

Initially, rough cut design calculations establish the design approach and 
basic sizing of the machine's elements. After the basic design is defined, 
effort must be concentrated on matching the thermodynamic design with that 
of the heat transfer devices (heat exchangers and regenerators). Typically, 
the heat transfer device configurations and volumes are adjusted to improve 
their heat transfer and pressure drop characteristics. These adjustments 
imply that changes be made to the active displaced volumes, compensating for 
the influence of the heat transfer devices on the thermodynamic processes of 
the working fluid. Then, once the active volumes are changed, the heat 
transfer devices require adjustment to account for the variations in flows, 
pressure levels, and heat loads. This iterative process is continued until 
the thermodynamic cycle parameters match the designs of the heat transfer 
devices. By examining several matched designs, a near-optimum refrigerator 
can be selected. 

Many of the required iterations were performed during Task I, Preliminary 
Design (Reference 1). The final design configuration presented in the Task II 
report (Reference 2) involves only relatively minor modifications to the pre- 
liminary design machine. The modifications affect primarily four regions in 
the machine: (1) the cold end heat exchanger was redesigned to reduce weight 

and void volume, (2) the hot regenerator was lengthened to reduce losses, (3) 
the cold end insulation was changed to aluminized mylar to facilitate integra- 
tion with the Honeywell DCA, and (4) the motor size was increased to provide 
sufficient break in power, thus eliminating the requirement fof“a break in 
magneti c coupl i ng. 

In this program, emphasis was not placed on complete optimization of the 
ref r igerator wi th respect to thermal performance; long operational life and 
reliability were considered the most important. It Is believed however, 
that the careful detail thermal design has resulted in a near-optimum thermal 
design. 

The detail analyses leading to the final thermal design and performance 
prediction of the VM refrigerator are presented in this Volume 1 of the Engineer- 
ing Notebook. The thermal design analyses are summarized, and engineering notes 
and calculations generated during the program are presented. The topics covered 
are: 

® System Description 

• Cycle Parameters and Performance 

• Cold Regenerator Design 

• Hot Regenerator Desi gn 
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• Cold Heat Exchanger Design^ 

» Hot Heat Exchanger Design 

• Ambient Sump Heat Exchanger Design 

e Cold-End Insulation 

• Hot-End Insulation 

• Flow Distributors 

e Flow Passage Pressure Drop, Void Volume, and Flow Distribution 
e Cold End Seal 

• Hot End Seal 

e Conduction Losses 

• Sump Cooling interface 

The general method of analysis applied to both the, hot and the cold 
regenerators, and the regenerator matrix characterization is presented in 
Appendix A of this report. 
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SECTI ON 2 


SYSTEM DESCRIPTION 


INTRODUCTION 

The GSFC fractional watt Vui 1 leumi er cryogenic refrigerator Is a gas-cycle 
reciprocating machine, intended to operate continuously for five years (two 
years minimum) at .a design speed of 400 rpm. Continuous operation for such a 
long time period presents technical problems, namely long-life bearing and seal 
design. This technology has been developed, and is applied to a flight proto- 
type machine for the first time in this design. As an aid in understanding 
the analyses described in subsequent sections of this report, a brief physical 
and functional description and summary of the VM refrigerator is given In this 
section. The layout drawing of this refrigerator is presented in Figure 2-1. 

PHYSICAL DESCRIPTION 

Although the primary energy Input to the refrigerator Is thermal energy, 
moving components (two displacers) are required so that the VM cycle will 
function properly. The two displacers (hot and cold) which make the refrigera- 
tor a reciprocating machine are driven by connecting rods attached to a crank- 
shaft (Figure 2-1). Crankshaft throws are arranged 90-degrees apart so that 
the hot displacer is leading the cold displacer when the crankshaft is driven 
by an electric motor located at one end of the shaft. The displacers travel 
inside cylinders surrounded by packed-bed regenerators which in turn are 
enclosed in pressure shells joined to the crankshaft housing, making the 
entire assembly pressure tight. 

The displacers are arranged in a horizontally opposed configuration, with 
the cold displacer positioned at an angle of 180 degrees from the hot displacer 
thus simplifying the crankcase and sump heat exchanger mechanical design and 
minimizing the interaction between the hottest and coldest parts of the system. 

As indicated earlier, the primary energy for driving the refrigerator is 
introduced at the hot end In the form of heat. The interface at the hot end 
of the machine Is shown In Figure 2-1. For this design, an electric' heater is 
used to supply the heat; future spacecraft systems may use radioisotope heat 
sources or a solar collector to conserve solar cell generated energy. 

Proper operation of the VM cycle also depends on rejecting heat in the 
crankcase -sump region. The GSFC VM refrigerator rejects heat to water cooling 
coils that interface with the crankcase and sump heat exchanger. These water 
cooling colls replace the ammonia heat pipes and a radiator which would be 
used in a flight-type system. 

The refrigeration heat load is absorbed at the cold end via the cold-end 
heat exchanger. For test purposes, the refrigeration load is generated by a 
small resistance-type heater bonded to the exterior surface of the cold-end 
heat exchanger. In a spacecraft system, the refrigerator load will be nxjunted 
directly to the cold end. 



AIRESEARCH MANUFACTURING COMPANY 
OF CALIFORNIA 


74-9896-1 

Page 2-1 




fOTJOOUt FRfflkia 




VACUUM JACKET 


COLD-END 
D1 SPLACER 


HOT-END 

PRESSURE 

shell 



HOT- END 
DISPLACER 


ORIGINAL PAGE It 
’'P POOH QUALITY 




Figure 2-1, Fractional Watt Vuilleumier 
Cryogenic* Refrigerator 


71 ,- 9896 - 

Page 2-2 


AIRESEARCH MANUFAOTUftlUG COMPANY 
OF CALIFORNIA 



DESIGN FEATURES 


A number of design features Incorporated in the VM refrigerator are 
intended to assure that the machine will meet the primary requirement of a 
minimum operating life of 2 years, with a 5~year operating life as a design 
goal. Design features of primary Interest are: bearings; dynamic seals; 
absence of organic materials within the machine; effective heat transfer 
devices; and minimization of refrigeration loss caused by internal flow 
passages (Dead volume). 

Bearings 

Long-life bearings are a major factor in operational life of the VM 
refrigerator. After a lengthy test and evaluation program during the GSFC 
5 watt refrigerator program, long-life bearing materials were sel ected--Boei ng 
Compact 6-84-1 running against flame-sprayed tungsten carbide on hardened Incone 
718 or PH 13-8 Mo for the journal-type bearings; and Boeing Compact 6-84-1 
running against flame-sprayed chrome carbide on the hot bearing shaft. Long 
test periods have shown that these bearings exhibit virtually no wear. 

Dynamic Seals 


Dynamic (non-contacting) seals are used in the hot and cold end of the 
machine. These seals performed well In tests conducted during the 5 watt 
refrigerator development program. Contacting surfaces of the journal bearings 
in the flow path from the dynamic seals function to backup operation of the 
seals . 

Organic Materials 

A primary design feature is the absence of any organic material within 
the machine. Organic materials were avoided due to their outgassing character- 
istics and the potential contamination of the working fluid during extended 
operating periods. 


Effective Heat Transfer Devices 

From a thermal design standpoint., a conscious effort was made to 
provide highly effective heat transfer devices. The design Incorporates 
extended surface heat exchangers of the flow-through type for all internal 
heat exchangers. The cold regenerator makes use of monel shot as the matrix 
material. This material has superior thermo-physical properties for the 
specified operating temperature range. The hot regenerator matrix consists 
of stainless steel screens which provide a low pressure drop and high thermal 
performance. 
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Internal Flow Passages 


The internal working fluid flow passages of the VM refrigerator contribute 
to refrigeration loss in two ways: pressure drop and void volume. Each of 

these factors decrease the net refrigeration. Optimization procedures have 
been developed that interrelate the two processes, thus assuring optimum 
designs without compromising the primary goal which Is long life. 

PERFORMANCE AND DESIGN SUMMARY 

A summary of major performance a.nd design parameters for the GSFC 
fractional watt Vuiileumier cryogenic refrigerator is given in Table 2-1. 
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AIRESEARCH MANUFACTURING COMPANY 

Los Angetes, California 


TABLE 2-1 


GSFC FLIGHT PROTOTYPE FRACTIONAL WATT VUILLEUMIER CRYOGENIC REFRIGERATOR 
SUMMARY OF NOMINAL PERFORMANCE AND DESIGN VALUES 


“TJ 

0) -|r- 
co 1 
H) VO 
00 

I ON 
V71 I 


V/ORKING FLUID 

HELIUM 

TEMPERATURES 


Interfocos 


Cold End Interface 
Sunip Interface 

65°K (l17®ft) 
333. 3K (bOO^R) 

Hot End Interface 

866“K (1560‘‘r) 

Gas 


Cold End 

62.2®K (112«r) 

Sump 

344. 4^K (620®r) 

Hot End 

853 '‘k (1535<>r) 

PRESSURES 


CHar^e 6as 

Pressure at 297<’K (535®R) 

4.99X10* M/iu^ (723 psia) 

HaxTmum Cycle Pressure 

6.895X10* N/m* (lOOO psla^ 

Minimum Cycle Pressure 

6, 088X10* N/m^ (883 psia) 

THERMAL INPUT/OUTPUT 


Net Cold End Refrigeration 

0.25 w 

Cold End Insulation Loss 

0.040 w 

Total Hot End Input Power 

80 w 

Hot End Insulation Loss 

6. 1 w 

Hot End Input Less Insul- 

73.9 w 

ation Loss 
Motor Input Power 

10 w 

Heat Rejection Rate 

80.25 w 

6RIVE MOTOR POWER INPUT 


Speed 

400 rpm 

Shaft Power 

2.5 w 

Electrical Input Power 

10 w max. 

COLO DISPLACER SPECIFICATIONS 


Length 

13.97 cm [5.5 In) 

Bore 

1.017 cm [0.4 In) 

Stroke 

1.118 cm (0.44 In) 

Displaced Volume ' 

0.905 cm^ (0.0553 In*) 


HOT DISPLACER SPECIFICATIONS 

Length 

Boro 

Stroke 

DT sp laced Volume 

M.IO cm (4.37 In) 
5.94 cm (2.336 Tn) 
1.219 cm (0.46 In) 

30.85 cm’ (1.885 m3) 

COLO REGENERATOR SPECIFICATIONS 

NOTE; Cold regenerator consists 

of 2 sections both 

packed with spheres of different diameters* 

Sump End 

Configuration 

Annular 

Matrix Hatonal 

Monel spheres. 

Inside Diameter 

0.0254 cm (O.OlO In) dlo. 
1.077 cm (0,424 In) 

Outside Diameter 

2.60 cm (1.024 in) 

Frontal Area 

4-40 cm* (0.662 in*) 

Length 

Matrix Hydraulic Diameter 

7-62 cm (3 In) 

0.01087 cm (0,004272 In) 

Matrix Surface/Vqlume Ratio 

144.1 cm* /cm’ (366 ln*/lr^) 

Void Fraction 

0.39 

Cold End 

Configuration 

Annular 

Matrix Material 

Monel spheres. 

Inside Diameter 

0.01776 cm (0.007 In) dia. 
1.077 cm (0.424 In) 

Outside Diameter 

2.60 cm (1.024 In) 

Frontal Area 

4.40 cm* (0.682 In*) 

Length 

5.06 cm (2 In) 

Matrix Hydraulic Diameter 

0.00759 cm (0.00299 in) 

Matrix Surface/ Volume Ratio 

206 cm* /cm* (523 InVin*) 

Void Fraction 

0,39 

HOT REGENERATOR SPECIFICATIONS 


Configuration 

Annular 

Matrix Material 

Stainless Steel, lOO mesh 

Inside Diameter 

6.06 cm (2.386 In) 


HOT REGENERATOR SPECIFICATIONS- 

-Continued 

Outside Diameter 

6.83 cm (2.6B6 In) 

Frontal Area 
Length 

Matrix Hydraulic Diameter 

7.42 cm* (1.15 In*) 

1 1 . M cm (4.375 ir) 
0.0287 cm (0.0 U 32 In) 

Matrix Surface/Volume Ratio 

100.7 cm*/cm’ (256 in*/in*) 

Void Fraction 

.725 

VOID VOLUMES 

t 


Cold End at 622®K (I12*R) 

0.573 cm’ (0.035 in’) 

Sump at 344*K (620*R) 

48.55 cm’ (2.963 In’) 

Hot end at 853*K (1535*R) 

5.67 cm’ (0.546 In’) 

Cold Regenarator at 

' ' 203 *K (366®R) 

21.88 cm’ (1.531 in’) 

. Hot Regenerator at 

598*K (1077.5*R) 

59.76 cm’ (3.64/ m’) 

HEAT TRANSFER CHARACTERISTICS 


Cold Neat Exchanger 


Maximum Pressure Drop 
Conductance (TlhA) 

94.5 N/m* (0.0137 psi ) 

0.404 w/®K (0.764 Btu/hr-^) 

Hot Heat Exchanger 


Maximum Pressure Drop 
Conductance (TlhA) 

1.18X10’ N/n* (0.171 psi) 
6.51 w/®K (12.36 Btu/hr-*R) 

Sum? Heat Exchanger 


Maximum Pressure Drop 
Conductance (TlhA) 

4.29X10* H/ffl* (0.0623 psi) 
27 w/^K (51.3 Btu/hr-®R) 




h 

1 


Si 


cr 
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SECTION 3 

CYCLE PARAMETERS AND PERFORMANCE 


I NTRODUCTION 

The final refrigerator design has a hot displaced volume of 30.85 cm"^ 
( 1.885 5n.^) and a cold displaced volume of 0.905 cm^ (0.0552 in.^). The pre- 
dicted refrigeration for the new machine is considerably greater than the 
0.25 watt required. This capacity was designed into the machine to allow for 
performance degradation over a two year operating period. 


PERFORMANCE AT NOMINAL DESIGN CONDITIONS 


The output of the Ideal VM cycle analysis computer program for the final 
design configuration of the refrigerator operating at nominal design conditions 
is presented in Figure 3~1 • Table 3"1 presents the nomenclature for inter- 
pretation of the Ideal cycle program output. The refrigerator internal volumes, 
pressure, and working fluid mass flow rates as a function of crankshaft position 
are shown In Figures 3“2, 3~3, and 3~k. The data for these plots were taken 
from Figure 3“1 . The ideal cycle program is also capable of estimating the 
effects of internal pressure drops on the predicted refrigeration and heat 
input required. The cycle program output with the hot and cold end pressure 
drop effects Included is shown in Figure 3“5. The pressure drops are calcula- 
ted for all internal passages of the machine. The refrigeration and heat input 
requirements of Figure 3"5 were used in calculating the net performance of the 
fractional watt VM at the nominal design point. The gas temperatures in the 
cold, hot, and sump regions of the refrigerator were computed from the heat 
loads, interface metal temperatures, and performance characteristics of the 
respective heat exchangers. The regenerator gas temperatures input to the 
idea! cycle program are the numerical average of the temperatures at each 
end. Temperatures utilized in various regions of the machine are: 


Cold end volume 
Cold regenerator 
Sump volume 
Hot regenerator 


62.2°K (112°R) 
203 . 3°K (366°R) 
344 . 4°K (620°R) 
. 598 . 6°K (1077.5°R) 


Hot end 852. 8°K (1535°R) 

The film temperature drop in the cold end heat exchanger is 0.62°K (1.12°R) 
and the wall temperature drop is an additional 0.37°K (0.67°R). The specified 
refrigeration temperature at the cold head (external surface of the cold end 
heat exchanger) i s 65 K (II 7 R) , thus a margin of 1.78°K (3.21°R) exists; that 
is, the^actual surface temperature at the design conditions would be 64°K 
( 115.21 R). This temperature at the cpid end of the machine provides for 1.78°K 
(3^21 R) drop across the interface with the detector chip assembly before the 
65 K (117 k) temperature level is reached. Since the calculated temperature 
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fractional watt vm at nominal design point 
operating Parameters 




COLD VOLUME TEMp, s 
SUMP VOLUME TEMP, a 
HOT VOLUME TEMP, a 
COLO REGEN, TEMp, -a 
Hot RE66N« temp, a 
COLO DISPLACED VOL. « 
HOT displaced VOL. « 
COLO DEAD VOL« a 
SUHp dead VOLt > 
HOT dead VOL. « 
COLD REGEN. VOL, b 
HOT REOEN, VOL. s 
GAS constant a 
speed a 


U2,00 'R 

620.00 R 
J535.00 R 

366.00 R 
1077,50 R 

.0S530 CUalN 
i.sesoo cu<*ZN 

.03500 CU«IN 
'2,96320 CUWIN 

«3<l6O0 -CU«-IN 
1,33060 CU»IN 
3,60760 CU-IN 
4630,40 IN«LB/LSM<»R 

400.00 RPH 


CHARGE PRESSURE 

charge temperature 
mass of fluid 
total volume 


a 722,61 PSIA 

a 535,00 R 

a ,0039 LBM 

a 10,26270 CU-IN 


PRESSURE • Mass • flow profile 
angle press VC VA VH 

deg psia cu*in cu-in cu«in 


20 

00 

60 

SO 

loo 

120 

Uo 

160 

iso 

200 

•220 

240 

260 

280 

300 

•320 

340 

360 


■HOOTC MOOTA. MDOTH MOQTRCA HOOTRHA 
LB/SEC LB/SEC LB/SEC LB/SEC .LB/SEC 



969,32 

,0367 

3,6370 

1.6106 .00078 •,00956 ,00551 

« 


-9S5,-77 

.0415 

3,3468 

1;S942 .00136 -•,00846 ,00462 

f 


996,56 

,0488 

3,1110 

2,1046 ,00177 •-,00613 ,OO304 

, % 


999,98 

.0578 

3,0100 

2.2166 .00190 •, 00286 .00099 

t 


995,46 

.0674 

3,0003 

2.-2167 .001$3 .00061 ••,00i’20 

• 


983,75 

.0765 

3,1031 

2,1049 .00146 ,00428 -«.00316 

• 


966,70 

.0838 

3,3060 

1,6947 *00092 .00703 -••00464 

•f 


946,79 

.0686 

3.5846 

1,6113 ,00039 ,00873 -•,00543 



926.65 

.0903 

-3.9051 

1.2891 -••00034 ,00928 -•,00552 



908.66 

• 0S86 

- 4.229J 

• 9G67 '•.00089 ,00874 «,00498 



894.65 

• 0838 

4,5175 

,6832 ••00132 ,00730 -••00393 



865.94 

.0765 

4,7354 

.4726 ••00160 ,00516 •*00252 



.683.24 

.0675 

4,6566 

' ,3603 ••OOltl .00355 ••00089 



686.78 

.0579 

4,8665 

,3^02 •*00165 -,00032 ,00084 



696.28 

• 0488 

4,7638 

,4718 •.00142 •.00322 .00251 



910.92 

• 0415 

4.5611 

.6619 •••00103 •,00590 .00399 



929.33 

.0367 

4.2827 

.9652 -••OOO50 •,00805 .'OO509 



949,58 

• 0350 

3.9621 

1,2874 .00013 ••00936 .00565 



.00244 

.00262 

•00244 

*00190 

t'OOllO 

•00015 

.00077 

•001S4 

.00208 

•00236 

•00237 

*00213 

*00169 

.00107 

>•00034 

*00047 

*00126 

•00195 


,00712 

,00584 

,00369 

,00096 

• ,00191 
'•,00444 

• .00626 
■•,00719 
-•,00720 
•,00639 
-•',00494 
••,00303 
•,00086 

.00140 

,00356 

,00543 

,00679 

-,00741 


IDEAL REpRIOERATION AND HEAT INPUT 


refrigeration a 3.7372 WATTS 
thermal HEAT « 25,6304 WATTS 

MAX, pressure a 1000,0000 PSIA AT ANGLE ■ '78,59 DEGREES 


Figure 3“1 • Ideal VM Cycle Computer Program Output 
for Nominal Design Conditions 
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TABLE 3-1 


IDEAL VUILLEUMIER CYCLE ANALYSIS 

nomencCature key 


Symbol 

Definition- 

PRESS 

Cycle Pressure 

ANGLE 

Crankshaft angle referenced to 


cold displacer top dead center 

VC 

Cold displaced volume 

VA 

Ambient displaced volume 

VH 

Hot displaced volume 

MDOTC 

Flow rate into cold volume 

MDOTA 

Flow rate into ambient volume 

MDOTH 

Flow rate into hot volume 

MDOTRCA 

■ Flow -rate into cold regenerator at 
the end toward the sump 

MDOTRHA 

Flow rate into hot regenerator at 
end toward the sump 
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SUMP AND HOT END VOLUMES, IN. 






FLOW RATE, LB/SEC 


ZERO DEGREES IS TOP DEAD CENTER, COLD DISPLACERS 







ORIGINAL PAGE Ife 
OE POOR QUALITY 

fractional watt VM at nominal DE818N POINT WITN PRESSURE OROP 
operatinb Parameters 



COLD VOLUME TEMP, a 

112.00 R 


SUMp VOLUME TEMP, 9 

620.00 R 


HOT VOLUME TEMP, b 

1535,00 R 


COLO RESEN. TEMP, b 

366.00 R 


HOT REGEN, TEMP, s 

1077,50 R 


COLD DISPLACED 

VOL* « 

,05530 CU«IN 


HOT DISPLACED 

VOL. * 

1.86500 CUbIN 


COLO DEAD VOL. 

m 

,03500 CUbIN 


SUMp dead VOL. 


2,96320 CUwIN 


HOT dead VOL. 


,34600 -CUbIN 


COLO REGEN. VOL. m 

1,33060 -.CUWIN 


HOT regen. VOL 

9 ‘S 

3,64760 CUbIN 


GAS constant 

s 

4634,40 INbLB/LBMbR 


Speed 


s 

400,00 RPH 


charge 

PRESSURE 8 

722,81 PSIA 


charge 

temperature •» 

535,00 R 


MASS OF 

fluid 

8 

,0029 .LBH 


total volume 

s 

10,26270 CUbIN 

PRESSURE •« MASS 

• FLOW 

PROFILE 


angle 

PRESS 

VC 

VA 

VH MDOTC MDOTA -MOoTH MDOTRCA MDOTRHA 

deg 

PSIA 

CU^lN 

CU.IN 

CUbTN LB/SEC LB/SEC LB/SEC LB/SEC LB/SEC 

20 t 

969.12 

• 0367 

3,6370 

1.6108 ,00076 b,009S6 .00551 .00244 ,00712 

40* 

983,77 

.0415 

3.3488 

1,8942 .00136 -,00846 .00462 .00262 ,00584 

60 1 

996,56 

.0488 

•3.1310 

- 2.1046 .00177 -.00613 .00304 .00244 ,00369 

80 t 

999,98 

.0578 

3.0100 

2,2166 ,00194 -,00286 ,00099 .00190 .00096 

lOOt 

995,46 

.0674 

•3.0003 

-2.2167 .00183 .00061 BiOOtaO *00110 -,00191 

i20* 

983.75 

.0765 

3.1031 

2.1049 * ,00146 ,00428 b,00318 *00015 b, 00444 

I40t 

966.70 

• 0838 

3,3060 

1,8947 ,00092 ,00703 b,00464 -,00077 *,00626 

U0« 

946.79 

.0886 

3,5846 

1*6113 ,00089 ,00873 -,00543 •*00154 b,00719 

I60t 

926.65 

.0903 

3,9051 

1,2991 B, 00034 ,00928 •••005S2 Bt00208 -,00720 

^OOt 

908.66 

.0866 

4,2291 

,966? 'B.OOOBB ,00874 'b,00498 b, 00236 -,00639 

820 * 

894.65 

,0838 

4,5175 

,6832 B, 00132 ,00730 BtOOlOS -•,00237 -,00494 

240* 

885.94 

*0765 

4,7354 

,4726 b,00160 ,90516 -.00292 Bf 00213 -,00303 

260 • 

883.24 

.0675 

4.8566 

,3605 b,00171 ,00255 •«00099 -,00169 -,00086 

asoc 

886,78 

.0579 

4.8665 

,3602 -,00165 -,00032 ,00084 b.OOIO? ,00140 

•300t 

896.28 

• 0488 

4,7636 

,4716 b, 00142 -,00322 ,lAl291 -,00034 .00396 

320* 

910.92 

• 0915 

4,5611 

•6819 •,00103 -.00590 ,00399 ,00047 ,00543 

340* 

929,33 

,0367 

4,2827 

,9692 B.OOOSO -.00805 ,00509 *00126 ,00679 

360 ■ 

949,98 

.0350 

3,962{ 

1,2874 ,00013 -.00936 ,00565 .00195 ,00741 


THE CTCLE pressure ABOVE 18 IDEAL*THI P"V XNTBSRALS iHAVE BEEN MODIFIED FOR PRESSURE -OROF 
hot maximum op* UOOOO PSI cold maximum -dps 2,6320 P8Z 


ideal REfPIOERATION and heat input 

refrigeration s 3,599fl MATTS 

thermal heat S 27,6648 WATTS 

M*X, pressure a 1000,0000 PSIA AT ANGLE * 7«,’5f DEGREES 


Figure 3"5* Ideal VM Cycle Computer Program Output for Nominal 
Design Point With Effect of Pressure Drop 
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drop across this interface is 0.77°K (1,38°R), a slight margin in performance 
is provided. These figures are based on the specified net refrigeration load 
of 0.25 w. 

^The film temperature drop in the sump heat exchanger is approximately 
2.96 K (5.33 R) > this allows an additional 8.15°K {14.67°R) temperature drop 
across the sump pressure vessel wall and heat rejection interface clamp assembly 
for the specified 333 K sump temperature. The calculated interface 

temperature drop, is 3.71 K (6.67°R) or a total aT of 6.67°K (12°R) , with water 
cooling coils. This provides a 4,44*^K (8°R) design margin in the sump region 
of the VM. 

^The hot end heat exchanger has a film temperature drop of approximately 
12,2 K (22 R) an^ a wall temperature drop of 0,78°K (1.4°R); the gas temperature 
of 852.8 K (1535 R) thus results in an outer wall temperature of 865. 8°K 
(1558.4 R) at the nominal design conditions. The hot end heat exchanger 
receives its heat input directly by conduction from the heater brazed onto 
the hot end. Thus the heater operates at approximately 867°K (1560% while 
supplying 80 w of thermal power to the system. 

The ideal refrigeration capacity of the system, considering pressure 
drops, is approximately 3.6 w, as given In Figure 3“5, Table 3~2 summarizes 
the thermal losses in the cold end of the machine that can be directly 
analyzed. Other factors contributing to the losses consist of mismatched 
temperature gradients along the displacer and cylinder walls and nonuniform 
flow distribution. Based on the experience from the 6SFC 5 watt VM, and the 
detailed attention given to providing uniform flow distribution, no allowance 
has been made for these miscellaneous losses. 

Table 3-2 includes the estimated losses for a machine that has been oper- 
ating for two years. The indicated degradation (a loss of approximately O.50O w 
of cooling) is caused by increased leakage of working fluid past the linear 
bearings that support the cold displacer. These bearings function as backup 
seals to the cold end labyrinth seals, greatly reducing cold end leakage and 
the associated thermal losses. The estimated degradation is believed very con- 
servative | actual degradation is expected to be less since the worst cases of 
both bearing wear and pressure drop, which promote the leakage, were used In 
Its calculation. 

Subtracting the losses given In Table 3-2 from the ideal refrigeration 
yields net refrigeration capacities of 0.929 w and 0.429 w for the new machine 
and after two years of wear, respectively. These figures show a design margin 
of 0.179 watts at the end of two years of operation. 

The ideal thermal power is given as 27.465 watts in Figure 3 - 5 . The hot 
end losses are summarized in Table 3 - 3 . The total thermal power required,' 

78,1 watts, is the sum of the ideal power, which includes pressure loss effects, 
and the fosses. This input power provides a small design margin below the 
allowable thermal input power of 80 watts. 
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TABLE 3-2 


COLD END LOSS SUMMARY 


Ref ri geration/Loss 

Cool Ing/Loss 
(watts) 

• Ideal refrigeration 

3.599 

Regenerator loss (y*MC AT) 

0.872 

Regenerator conduction loss 

0.654 

Regenerator inner wall conduction loss 

0.200 

Regenerator outer wall conduction loss 

0.618 

Displacer conduction loss 

0 .266 

Insulation conduction loss 

0.060 

Ideal refrigeration minus losses 


(Net refrigeration, new machi'ne) 

0.929 

Displacer leakage loss, 2 yr worn bearings 

0.500 

Net refrigeration, 2 yr old niachine 

0.429 


TABLE 3-3 

HOT-END POWER SUMMARY 



Heat Input, 
watts 

Ideal power input 

27.465 

Regenerator Loss (y*MCpAT) 

6.088 

Regenerator conduction loss 

1.69 

Regenerator inner wall conduction loss 

5.79 • 

Regenerator outer wall conduction loss 

14.07 

Displacer conduction loss 

16.9 

Insulation conduction loss 

6.1 

Total hot end power requi red 

78.103 
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GROWTH POTENTIAL OF BASIC DESIGN 


The fractional watt VM meets all performance requirements when operated 
at the nominal design point. However, additional cooling capacity is avail- 
able through operation at off-desIgn conditions. The majority of the operating 
parameters of the VM are fixed by the design of the machine and the refrigera- 
tion and sump temperatures. The operating conditions that may be varied are 
the rotational speed, the hot-end temperature, and the cycle pressure. 

Increases in all three variables are possible with the present design. The 
relative merits- of each are discussed below. 

Rotational Speed 

The selection of refrigerator speed was based on the extensive investi- 
gations performed in support of the GSFC 5 watt VM refrigerator. At very low 
speeds (200 rpm and below), the residence times of the gas in the heat transfer 
devices are such that near isothermal operation can be achieved. This would, 
however, require a refrigerator of relatively large size, and the other thermal 
losses, such as axial conduction, would eliminate any gains in thermal perfor- 
mance. If, on the other hand, the refrigerator was operated at a very high 
speed (above 600 rpm) , the temperature response of the gas and heat exchanger 
devices would be such that the thermal performance of the refrigerator would 
be greatly decreased'. 

A speed of 400 rpm was selected as a good compromise. This speed also 
results in a very low bearing speed and low dynamic loading for the bearings 
to support. To further increase life, it may be possible to reduce the speed, 
with an accompanying reduction in capacity. 

The effect of cycle speed on ideal refrigeration capacity is shown on 
Figure 3~6 for a wide range of operating conditions. The data were obtained 
by use of the ideal cycle computer program, and do not include the effects of 
pressure drop or other Internal losses. Thus performance may be compared 
directly on an ideal basis. 

Of the three parameters that may be varied In order to increase perfor- 
mance, only cycle speed has a direct effect on life. Therefore, although 
speed increases produce a very marked increase in ideal refrigeration, as shown 
in Figure 3"6, this method of increasing performance is the least desirable. 

In addition to increased dynamic loadings, the internal pressure drops and 
departure from isothermal operation both increase. The effects of increased 
pressure drops are to further increase bearing loading and also to increase 
the mechanical power input required. In addition, leakage and other internal 
losses are increased. Thus, the net gain in refrl geration wi 1 1 not increase 
as rapidly as the ideal refrigeration. 

Hot End Temperature 


The selection of the hot end temperature was based primarily on material 
considerations. With the use of electrical heating, the power source temper- 
ature does not play an important part In the selection of the hot end temper- 
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IDEAL REFRIGERATION CAPACITY, WATTS IOEhL REFRIGERATION CAPACITY, WATTS 


NOTE: PRESSURE, N/M = 6895 X PSI PEAK CYCLE 





Figure 3"6. Effect of Rotational Speed on Ideal Performance 
of Fractional Watt VM . 
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ature. Heaters are available which are capable of operation at temperatures 
considerably above the maximum operating temperature of the hot end pressure 
containment dome. From a thermodynamic standpoint, the higher the hot end 
temoerature. the higher the thermal efficiency. The selected temperature of 
867°K (1560°R) was based on the strength characteristics of inconel 718 and 
also on the bearing characteristics of Boeing Compact 6-'84-'l. Figure 3"7 ^ 
shows the sudden drop in strength in Inconel 718 at temperatures above 992 K 
'(1660°R). a 55.6°K (100 R) design margin of safety was allowed below this ^ 
value. The hot end Is designed structurally for pressure containment of 992 K 
0 660°R); thus the use of 867®K {1560°R) hot end temperature represents a 
margin of safety on performance, and not stress level. 

The effect of hot-end temperature on ideal refrigeration is illustrated in 
Figure 3-8. The growth potential is readily apparent. The hot end temperature 
also affects the coefficient of performance (COP), or thermal efficiency, of 
the refrigerator. Figure 3~9 shows that COP increases with increasing temper- 
ature illustrating the desirability of operating at a h i gher hot-end temperature. 

Thus, an increase of the hot-end temperature should be considered the 
prime candidate for increase in refrigeration capacity. A higher hot-end 
temperature not only increases total refrigeration, but the thermal efficiency 
is also increased. The internal losses will not increase as rapidly as with 
increase of rotational speed. 


Pressure Influence on Cooling Capacity 

The cycle pressure was selected in a somewhat qualitative manner. Thermo- 
dynamically, the higher the operating pressure, the higher the refrigeration 
capacity (or the smaller the size of the refrigerator). Originally, a maximum 

operating pressure of 10*33 x 10 N/m (1500 psia) was selected in trying to 
minimize the effect of axial conduction losses for the cold end- For low 
pressures, the wall thickness of the cold end is determined by fabrication 
limitations. However, as the pressure Increases, the wall thickness require- 
ment remains constant until pressure level, rather than fabrication require- 
ments becomes the design consideration* 


The use of the original design pressure resulted in hot end pres- 
sure vessel thicknesses that gave exc*essive conduction losses. Therefore, 
in order to maintain the thermal power input below 80 watts, the maximum 

6 2 

operating pressure was reduced to 8.62 x 10 N/m (1250 psia). 


By thermally designing the refrigerator to operate at 6.895 x 10 N/m 

(1000 psia) and by structurally designing the refrigerator for 8.62 x 10 N/m 
(1250 psia), the pressure of the working gas can later be increased by 25 per- 
cent, if necessary, to increase the capacity of the engine. This provides a 
margin of almost 25 percent in the thermal refrigeration capacity. The depen- 
dence of refrigeration on peak cycle pressure is shown in Figure 3~10 for a 
wide range of operating conditions. 
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IDEAL REFRIGERATION 
CAPACITY. WATTS 


NOTES: 


1. TEMP, K =■• ''R/1.B 

2, PRESSURE. N/M^ =• 6895 X PSI 


SPEED = 3 

00 RPM 




PEAK CYCLE 
PRESSURE, PS!A‘ 
1 250 


1400 1500 1600 

HOT END GAS TEMPERATURE, °R 


uj >- _ 

os I- 3 


SPEED = 400 RPM 


PEAK CYCLE 
PRESSURE, PSIA 
L,— 1250 


o NOMINAL DESIGN CONDITION 

00 1400 1500 1600 

HOT END GAS TEMPERATURE, °R 


SPEED = 500 RPM 


SPEED = 600 RPM 1 
□ MAXIMUM OPERATING 
CONDITIONS 


PEAK CYCLE 
PRESSURE, PSIA 

^^1250 


PEAK CYCLE 
PRESSURE, PSIA 



1400 1500 1600 
HOT END GAS TEMPERATURE, OR 



1400 1500 1600 

HOT END GAS TEMPETATURE,°R 


Figure 3 8. Effect of Hot End Tempersture on Ideal Performance 
of Fractional Watt VM 
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IDEAL THERMAL COEFFICIENT OF PERFORMANCE, WATTS REFRIGERATION/WA' 


0.15 


0.14 


0.13*— 

1300 


SPEED a 400 RPM I 

PEAK CYCLE PRESSURE = 6.895 X 10^ N/M^ (1000 PSIA) 

TEMPERATURE, °K = °r/1.8 



1400 1500 1600 


HOT END GAS TEMPERATURE, °R 


1700 

s -85028 


Figure 3"‘9. Effect of Hot End Temperature on Ideal Coefficient of 
Performance of Fractional Watt VM 
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Figure 3-10 Indicates that a cycle pressure increase is an effective 
means of providing greater refrigeration capacity. In actual operation, the 
internal losses do increase with pressure increase, but not nearly as rapidly 
as with rotational speed increases. The COP, or efficiency, is not affected 
y pressure level. Since COP increases with hot-end temperature, as previously 
discussed, temperature level is still the preferred method of obtaining 
additional performance from the VM. 

gives the peak cycle pressure as a function of charge pres- 
sure at 535 R ambient for several hot-end temperature operating conditions. 

This data IS dependent on the cold-end and sump temperatures of the nominal 
es I gn point, but is independent of rotational speed over the current range 
of interest. Data from Figure 3-11 should be used to determine the helium 
charging pressure for the refrigerator at ambient conditions. The maximum 
charge pressure allowable without exceeding the maximum working pressure • 
uring operation ranges from 897 to 918 psia, depending on the hot-end temper- 
ature at which the refrigerator Is to be operated. 

Summar y of Improved Performance Parameters 

Previous discussions concerning increased performance capability are 
summarized in Table 3-4. 

IDEAL PERFORMANCE CAPABILITY 

The ideal performance of the fractional watt VM at the extremes of ail 
operating parameters is presented in Figure 3-12. Comparison of data from 
this figure with that of Figure 3~1 shows that the Ideal refrigeration capacity 
may be nearly doubled, in view of the conservative assumptions made in 
estimating net refrigeration after two years of operation and the increased 
capacity available from varying the operating parameters, more than adequate 
design margin exists to overcome unforeseen contingencies. Figures 3-13 and 
3 14 present the cyclic pressure and mass flow profiles when the VM is 
operated at design limits. These figures may be compared directly with 3-3 
and 3-4, which present the same data at nominal operating conditions. 
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PEAK CYCLE PRESSURE, PSIA 


PEAK CYCLE PRESSURE, PSIA 


S-85029 


Figure 3”10, Effect of Peak Cycle Pressure on Ideal Performance 
of Fractional Watt \/M 
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Figure 3”H* Peak Cycle Pressure as a Function of Charge Pressure 





fractional watt VM AT MAXIMUM RANGE OF OPERATING CONDITIONS 
operating Parameters 



COLD VOLUME TEMP, « 

' 112,00 

R 


SUMp VOLUME TEMP, s 

620,00 

R 


HOT VOLUME TEMP, a 

1635,00 

R 


COLD BEGEN, TEMP, a 

366,00 

R 


HOT REGEN, temp, a 

1077,50 

R 


COLO DISPLACED 

VOL, * 

•05530 

CU*IN 


HOT DISPLACED 

VOL, B 

1,88500' 

CUaIN 


COLO OFAO VOL, 


,03500 

CUilN 


SUMP dead VOL* 

i 

2,96320 CUalN 


HOT DEAD VOL, 

m 

,34600 

CUaXN 


COLO REGEN, VOL, a 

1.33060 

CUaZN 


HOT REGEN, VOL 

« n 

3,64760 CU*IN 


GAS CONSTANT 

9 

4634,40 

INaLB/LBMaR 


speed 


m 

600,00 

RPM 


charge 

PRESSURE a 

897,62 

PSIA 


charge temperature a 

535,00 

R 


MASS OF FLUID 

f 

,0036 

lbm 


total 

volume 

a 

10,26270 -CUalN 

PRESSURE • Mass 

• FLOW 

PROFILE 



angle 

PRESS 

VC 

VA 

VM 

HDOTC MDOTA. MOOTH. ' MOOTRCA MOOTRHA 

DEG 

PSIA 

CU«»lN 

CUwIN 

■CUaIN 

.LB/SEC. lb/sec LB/BEC LB/8EC LB/SEC 

30* 

1209,-31 

.0367 

3,6370 

1,6108 

.00147 a, 01762 ,0Q973 ,00473 .01269 

40« 

1230,95 

.0415 

3,3488 

1.8942 

•00255 a. 01564 *00817 ,00505 ,01059 

60* 

1245.2? 

• 0488 

3,1310 

2,1046 

•00332 a. 01136 ,00539 ,00467 ,00669 

80* 

1249,99 

,0578 

3,0100 

2.2166 

•00363 a, 00532 *00175 ,00360 ,00172 

too* 

1244.31 

• 0674 

3,0003 

•2,2167 

•00342 ,00147 <a, 00213 ,00201 a, 00349 

iao* 

1229.17 

,0765 

3, 1031 

•2,1049 

,00272 ,00790 ••*00562 *00018 a,00608 

140* 

1307,01 

• ossa 

•3.3060 

US947 

•00169 ,01297 a, 00820 a,00160 «, 01138 

160* 

llSi.o? 

• 0866 

3.5846 

1.6113 

,00050 ,01609 •400958 a,'00307 a,01303 

ISO* 

1154,93 

• 0903 

3,9051 

1,2891 

a.00067 ,01708 -••00971 «.00408 a.OlSOO 

300* 

1131.34 

• 0S86 

4,229i 

,9667 ■ 

••00170 ,01608 •*00875 a.00456 «,0}151 

320* 

1113*03 

• 0638 

4,5175 

,6832 

• •00249 ,01341 ••*00690 ••004S4 •,00888 

200* 

liOl.56 

• 0765 

4,7354 

,4726 • 

••00299 ,00949 *,00442 ••00405 ■•,00544 

.260 * 

1097*88 

.0675 

4,6566 

,3605 

•*00319 ,00470 '••00155 -••00317 ••,00153 

2so* 

li02,29 

.0579 

4.8665 

,3602 - 

••00367 a.00056 ,00147 •*00197 *00253 

loo* 

1114*43 

• 04S8 

4,7638 

,4718- 

• •00264 a,O05B7 tOO'441 **00055 ,00642 

220* 

1133,29 

.0415 

4,5611 

.6819 

••00190 *481078 ,00700 ,00099 ,00979 

340* 

llS7,l4 

.0367 

4,2827 

,9692 

••00091 «,01476 *00895 ,00251 .01225 

360 • 

US3.49 

• 0350 

3,9621 

1.2874 

• OOOllS -a,0l722 ,00995 .00382 ,01340 


ideal refrigeration and heat input 


refrigeration 9 7tSt40 WATTG 
thermal heat p ■ 48,0927 HATT8 

MAX, pressure p 1350,0000 P8IA aTANGLE « 79,04 DECREES 


Figure 3-12, Ideal VM Cycle Computer Pro.gram Output 
for Maximum Performance 
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PRESSURE, PS I A 


1260 


NOTES: 1. PRESSURE, N/M^ = 6.895 X 10^ X PSl 

2. ZERO DEGREES IS TOP DEAD CENTER, COLD DISPLACER 



Figure 3-I3. Fractional Watt Refrigerator Pressure Characteristic 
at Maximum Performance Conditions 
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FLOW RATE, LB/SEC 


NOTES; 1. ZERO DEGREES IS TOP DEAD CENTER, COLD DISPLACER 
2, FLOW, KG/SEC = 0.4536 X LB/SEC 



Fi gure 3"1^. 


Fractional Watt Ref ri ge'rator Internal Flow Rates 
at Maximum Performance Conditions 
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TABLE 3-4 

SUMMARY OF VM GROWTH POTENTIAL 


Operating Paraineter 

Available Range 

Comments 

Hot End Temperature 

Nominal operating IIOO'^F, 
maximum value 1200°F, set 
by material limitations * 

Most desirable method of 
obtaining l.ncreased per- 
formance since thermal 
efficiency also Increases. 

Peak Cycle Pressure 

Nominal design 1000 psla, 
maximum structural limit 
1250 psla 

Good second choice for 
obtaining Increased per- 
formance, Thermal effi- 
ciency only si Ightly 
decreased . 

Machine Rotational 
Speed 

Nominal design 400 rpm 
may be Increased to 
600 rpm 

Least desirable method of 
obtaining increased refrig- 
eration, since life Is 
decreased. 
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SECTION k 


COLD REGENERATOR DESIGN 


INTRODUCTION 

The cold regenerator Is one of the most important components of the VM 
refrigerator, if not the most important. The regenerator cools gas as It 
flows from the sump region of the machine to the cold expansion volume. The 
gas expansion process further reduces the temperature, providing coolir.c at 
the cold temperature. After heat absorption from the refrigeration load, the 
gas is returned to the sump through the regenerator. This reverse flow process 
heats the gas by removal of energy stored In the regenerator matrix, and 
reestablishes the matrix temperature profile for cooling the gas during the 
next cycle. The periodic storage and removal of energy from the matrix allows 
the working fluid to pass from one essentially constant temperature portion of 
the machine to another. An ideal regenerator may thus be viewed as a temper- 
ature isolator. 

The design requirements for an efficient regenerator demand that it must 
(1) absorb heat from the gas stream while at nearly the same temperature as 
the gas, (2) store this energy without significant temperature change in a 
given matrix locality, and (3) resupply the energy to the gas stream when the 
flow reverses direction, again while at a temperature very closely approaching 
that of the gas. The design requirements dictate that the regenerator packing 
(1) must have a very large heat capacity relative to that of the gas, (2) must 
have large values of heat transfer coefficient, heat transfer area, and 
thermal diffusivity, and (3) must be configured to limit axial conduction of 
heat from one end to the other. In addition, for the VM application, the void 
volume in the regenerator must be minimized. Obtaining these desirable regen- 
erator characteristics from a specific packing generally leads to increased 
pressure drop as the thermal characteristics Improve. Since pressure drop as 
well as void volume degrades the overall refrigerator performance, the basic 
tradeoff in the design of a regenerator is between heat transfer potential 
and the detrimental factors accompanying this potential. 

METHOD OF ANALYSIS 

The analysis of the regenerators for a VM refrigerator, cannot be based on 
the classical effectiveness parameters that make use of end point temperatures. 
The system pressure fluctuates and a considerable amount of gas is stored in 
the regenerator void volume during various parts of the flow cycle. This 
periodic mass storage characteristic, coupled with the basic transient nature 
of regenerators, dictates that a finite difference technique be used in the 
analysis. 

AIResearch has developed a computer program which utilizes finite 
difference techniques to analyze regenerators. The required program inputs 
are the regenerator physical characteristics, the matrix heat transfer and 
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pressure drop characteristics, and the initial and boundary conditions. The 
computer program and the general characteristics of both spherical shot and 
screen regenerator packing materials are discussed i-n detail in Appendix A of 
this report. 

The required boundary conditions are the time dependent pressures and 
flow rate profiles and the gas temperature at the sump end of the regenerator. 
The cold end gas temperature under reverse flow conditions is also required. 
These parameters are obtained from the design requirements of the VM, and the 
Idealized cycle analysis computer program. 

DESIGN CONFIGURATION AND PERFORMANCE 


The regenerator design concept studies performed on the GSFC 5 watt VM 
program (Ref. 3) clearly Indicated the advantages of the annular regenerator, as 
compared to those located Inside the displacers or those located in parallel 
with the cold displacer. Therefore, the annular regenerator was the only type 
considered for the present machine. 


The cold regenerator design was evolved along with the rest of the VM 
through numerous design iterations. However, certain initial ground rules 
were utilized which simplified the process, the cold displacer diameter was 
fixed early in the program, thus defining the inner diameter of the annulus. 

It was decided that, if at all possible, the packing would be composed entirely 
of spherical shot, in order to provide the maximum matrix heat capacity. The 
ground rule was also established that the annular height would be 30 shot 
diameters. This is necessary in order to prevent channeling of the gas along 
the regenerator wal 1 . 


The cold regenerator is identical to that presented in the fractional 
watt VM task I report (Ref. 1). Some modifications to the refrigerator 
have resulted in slight changes in flow rate and thus performance. 

The cold regenerator final design selected for the fractional watt VM is 
of an annular configuration, packed with two sizes of spherical monel shot. 

Monel was chosen as the material because of Its superior heat capacity in the 
temperature range of interest (see Appendix A). The total length is 0.127m 
(5 in.), and the annular height is 0.00762m (0.3 in.), 30 diameters of the 
largest shot, in order to prevent gas channel Ing along the walls. The first 
0.0762m (3 in.) from the sump end are packed with 0.00035^m (O.OlO in.) dia- 
meter shot; the remaining .0508m (2 In.) are packed with 0. 000178m (0.007 in.) 

2 2 

diameter shot. The frontal area is 0.0004^m (0.682 in. ). 

The first section of the regenerator, 0.00025^m (0.010 in.) dia shot, has a 

23 2.3 

porosity of 39 percent, an area to volume ratio of l4,4O0m /rn (366 in. /in. ), 
and a hydraulic diameter of O.OOOIO86 m. (0.00^274 in.) . For the second section, 
0.000178m (0.007 in.) dia shot, the porosity is 39 percent, the area to volume 

ratio Is 20,600m^/m^ (523 in.^/in.^), and the hydraulic diameter is 0.0000759m 
(0.002988 in.) . 
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The larger diameter shot is used in the warm end of the cold regenerator 
to reduce the pressure drop, but still maintain a large thermal capacity. The 
smaller diameter shot at the cold end yields the required high heat transfer 
coefficient. 

Table 4-1 presents the detailed output from the regenerator analysis com- 
puter program for this preliminary design cold regenerator. The nodewise ■’ 
pressures and temperatures of the gas are listed as a function of the angular 
position of the crankshaft, or time. Angular displacement is referenced to 
the top dead center position of the cold displacer. The output parameters 
are matrix temperature, gas temperature, gas density, gas pressure, and gas 
flow rate. Positive gas flow rate denotes mass flow from the sump end of the 
regenerator toward the cold end. Node 0 represents the sump end of the regen- 
erator, and Node 13 the outlet face at the cold end. Nodes 1 through 7 are the 
portion of the core packed with 0.00025^m (O.OlO in.) dia shot, and Nodes 8 
through 12 represent the 0.000178m (0.007 in.) dia shot. 

Figures 4-1 through 4-3 present plots of key parameters from the com- 
puter program printout. The matrix and gas temperatures at the cold end of 
the regenerator are plotted in Figure 4-1. The small difference between the 
two temperatures is indicative of excellent heat transfer, and the 0.833°K 
(1.5°R) temperature swing of the gas is indicative of adequate heat capacity. 

Figure 4-2 indicates a maximum regenerator pressure drop of 1.24 x 10 N/M 
(1.8 psi). This pressure drop, coupled with the low AP of the remainder of the 
components in the cold gas flow path,, will limit leakage rates past the dis- 
placer to very low values. The regenerator represents the major portion of the 
cold gas pressure drop. However, attempts to decrease pressure drops would 
lead to losses in thermal performance whi ch would impose a greater overall 
penalty on the VM. Figure 4-3 presents the gas flow rate at the cold end of 
the regenerator. This plot, along with the gas temperature, is used to 
determine the regenerator losses. 

An ideal regenerator will always supply gas to the cold end of the VM at 
a constant temperature which is equal to that of the cold expansion volume 
temperature, in the actual case, this temperature varies as a result of the 
finite matrix heat capacity and heat transfer coefficient between the gas and 
matrix. This is evidenced by the temperature plots of Figure 4-1. The losses 
associated with this departure from ideal conditions are estimated by inte- 
grating the excess fluid energy supplied to the cold end over a complete cycle, 
or crankshaft revolution. The loss per cycle is expressed as: 
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TABLE 4-1 

PRELIMINARY DESIGN 
COLD REGENERATOR 
. PERFORMANCE .CHARACTERISTICS 


NODE matrix gas GAS GAS GAS FLOW 

NO. TEMPERATURE TEMPERATURE DENSITY PRESSURE RATE 

0 = o'" 




RE6ULAR PRINTOU78 

OATC b 26 OCT 

73 time ■ 18137 

TiMeCsEC.) a «.«9983 

.01 

4659 

B COUNT {NO, 

OF CAUCUUnONS) 

KJ 

TM(M) 

TG(N) 

R6(N) 

P6(N) 

HC(N) 


OEGc r 

DEG.R 

UBH/Cf > 

P8X« 

LBM/8EC 


<>,19678+02 

6«20000f02 

5.52899*01 

9,49540*02 

1,94870*03 

1 

5.96877+02 

5.97184*^02 

5.72920*01 

9,49432*02 

1,90223*03 


S.565ia+02 

5.57098*02 

6,13528*0} 

-9.49241*02 

1,80293.03 

5 

5,li|273+02 

5.14886*02 

6,61621*01 

9,49082*02 

1,69610*03 

4 

4.719S1+02 

4.72578*02 

7.19177*01 

9,48952*02 

1.58033*03 

5 

9.29636+02 

4.30277*02 

7.87570*01 

9,48848*02 

1,45400*03 

f> 

3.87315+02 

3.87971*02 

8.67880*01 

9,48767*02 

1,31534-03 

7 

3. 45002+02 

3.45675*02 

9,68598*01 

9,48708*02 

1,16140*03 

e 

3,02602+02 

3.03200*02 

1,09733*00 

9,48662*02 

9,88111*04 

9 

2.6o400+02 

2.60795*02 

1,26675*00 

9,48616*02 

8,02971*04 

10 

2.16070+02 

2.18487*02 

1,49865*00 

9,48589*02 

5,86397*04 

11 

1,75895+02 

1.76357*02 

1,63554*00 

9,48577*02 

3,25353*04 

12 

1.35665+02 

1.35893*02 

2,34655*00 

9,48574*02 

*3,74597*07 

13 

1,12000+02 

1.12000*02 

2,81023*00 

9,48575*02 

-1.91324*04 


e = 


REGULAR 

PRINTOUTS 

DATE -B 26 OCT 73 

TIME « 18iS7t31 

TlNEtsEC.) » 4,6246* 

1.0 1 

4»Q2 

b-.COUNT (NO, -OF 1 

CALCULATIONS! 

i 

KJ 

TH(N) 

T6(N) 

R9(N) 

P6(N) 

M6CN) 


DEG.R 

DEG.R 

LBN/CF 

P8IA 

lbh/sec 

-0 

6.19832*02 

6,20000*02 

5,68560*01 

9,77374*02 

2,55429*03 

1 

5.97080+02 

5,97391*02 

5,88903*01 

9,7722^*02 

2,51987*03 

2 

5.56688+02 

5,57471*02 

6,30358*01 

9,76947*02 

2,44635*03 

S 

5.U657+02 

5,15278*02 

6,79631601 

9,76709*02 

2,36727*03 

a 

4.72334+02 

4.72972*02 

7,38556*01 

9.76506*02 

2,28160*03 

s 

4.30015+02 

4,30671*02 

8,08634*01 

9,76336*02 

2,18814*03 

6 

3,87691+02 

3,88366*02 

8,90823*01 

9,76196*02 

2,08561*03 

7 

3 , 45377+02 

3,46071*02 

9,93888*01 

-9.76083*02 

1,97181*03 

a 

3.03202*02 

3,03615*02 

1,12556*00 

9,75985*08 

1,84378*03 

9 

2.60792+02 

2,61207*02 

1,29870*00 

9,75874*02 

1.70707*03 

10 

2.16460+02 

2,18913*02 

1 . 53537*00 

9,75794*02 

1.54730*03 / 

11 

1.76337+02 

1,76789*02 

1.87872*00 

9,75741*02 

1,35497*03 

12 

1,56159+02 

1,36612*02 

2,39316*00 

9,75710*02 

1,11597*03 

13 

{.12246+02 

1,12467*02 

2,86683*00 

9,75701*02 

9,75860*04 




■ ' NOTES: 

1. TEHP,“k - °R/1, 

.8 





2. DENSITY, kg/m^ 

« 16,02 X LB/FT^ 





3. PRESSURE, N/m^ 

- 6.895 X 10^ X PSl 





4. FLOW, kg/ sec =* 

0.4536 X LB/SEC 


I 
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TABLE 4-1 

(Conti nued) 



NODE 

MATRIX 

GAS 

GAS 

GAS 

GAS FLOW 

NO. 

TEMPERATURE 

TEMPERATURE 

DENSITY 

PRESSURE 

RATE 

CD 

II 

o\ 

^0 


reouLar 

1 

RRlNteUTS 

OATC 9 a* OCT 

73 time • IMir.Mf 

TlMECsEC.) B <I.749 i>«. 

■ 0l 

4946 > .COUNT (NO, .QF CALCULATIONS) 

N 

TH(N) 

T5(N) 

R8(N) 

PGCN) 

H6(N) 


DEOtN 

DEG.R 

. lbm/cf 

R8IA 

LBM/SEC 

-0 

6,l«»9J5+0a 

6.20000902 

5.78584«0l 

9,95219*02 

2,44002-03 

1 

5,97274+02 

5.97534*02 

5.99140-01 

9,96078+02 

2,42399-03 

2 

5, 57242+02 

5.57724*02 

6,41171-01 

9,94820*02 

2,38787-03 

3 

5.15026+02 

5.15548*02 

6,91232e0l 

9,94591*02 

2,34966-03 

4 

«.727q8+02 

4.73246*02 

7.5l063i0l 

9,94391*02 

2,30828-03 

S 

4.30391+02 

4.30948*02 

8.22247-0} 

9,94219*02 

2,26314-03 

b 

3.88069+02 

3.66647*02 

9,05663<*0t 

0,94073*02 

2,-21363-03 

7 

3.45760+02 

3.46337*02 

1.01025*00 

9,93950*02 

2,15870-03 

8 

3.03620+02 

3.03979*02 

1.14359*00 

9,93839*02 

2,09693-03 

9 

2.61216+02 

2.61587*02 

1,31897+00 

9,93705*02 

2,03103-03 

10 

2.18937+02 

2.19330*02 

1.55633*00 

9,93603*02 

1.95404-03 

U 

1,76652+02 

1.77267*02 

1.90475*00 

9,93528*02 

1,86150-03 

12 

1.3fc777+02 

1.37195*02 

2*42123*00 

9,93476+02 

1,74675-03 

13 

1.12079+02 

1.12921*02 

2,90413*00 

9,93458+02 

1,67949-03 

0 ^ 30° 




date -« 16 OCT 

73 TIME • 181J8I04 

tihe(sec.) « a.87a99» 

01 

'5080 « COUNT (NO, OF CALCULATIONS) 

N 

TM(N) 

7G{N) 

R6(N) 

R5(N) 

NS(N) 


DE 8 .R 

OEG.R 

lbh/cf 

F81A 

lbm/sec 

•*0 

6,19954+02 

6.20000*02 

5,79939-01 

9,97631+02 

1,51513*03 

1 

5,97400+02 

5.97540*02 

6,0057S»01 

9,97559*02 

1.52005-03 

2 

5,57468+02 

5.57721*02 

6,42787-01 

9,97420*02 

1,53057*03 

3 

5.15271+02 

5.15552*02 

6.93029601 

9,97294*02 

1,54188-03 

4 

72958+02 

4.73254*02 

7,53065-01 

9,97180+02 

1,55413*03 

5 

4.30646+02 

4.30969*02 

8,24479*01 

9,97078*02 

1,56750-03 

6 

3,88331+02 

3.88663*02 

9,08144601 

9,96987*02 

1,58216-03 

7 

3.46033+02 

3.46386*02 

1,01300*00 

9,96909*02 

1,59842-03 

8 

3.03924+02 

5»0«439*08 

- 1,14626*00 

9,96833*02 

1.61670-03 

9 

2.61541+02 

2.61775*02 

1,32183*00 

■9,96737*02 

1,63620-03 

10 

2,19301+02 

2.19556*02 

1,56122*00 

9,96656*02 

1,65896-03 

11 

1.77280+02 

1.77560*02 

1,90707*00 

9,96596*02 

1,68630-03 

12 

1,37315+02 

1.37608*02 

2,42057*00 

9,96549*02 

1,72016-03 

13 

1.13108+02 

1.13297+02 

2.90349*00 

9.96531*02 

1,-74002-03 

V 



NOTES: 

1. TEHP,®K=Vl. 

-8 





2. DENSITY, kg/m^ 

- 16.02 X LB/FT^ 





3. PRESSURE, N/m^ 

= 6.895 X 10^ X PSI 





4. FLOW, kg/sac * 

0.4536 X LB/SEC 
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TABLE 4-1 

(Conti nued) 



NODE 

MATRIX 

GAS . , 

GAS 

GAS 

GAS FLOW 

NO. 

TEMPERATURE 

TEMPERATURE 

DENSITY 

, ' PRESSURE 

KATE 

. 0 =120° 


REGULAR RRINTOUTS 







DATC 0 26 OCT 73 TIME * 18130117 

TiHECsEC.) 9 U,9^9j7* 

Ol 

.5106 s COUNT (NO. 

OF CAUCUUAT1QN9^ 

K 

TMCN) 

TG(N) 

RG(N} 

PG(N) 

M6(N) 


dcg«r 

DEC.R 

lbh/cf 

P8IA 

LBH/8EC 

mO 

6,1«»971+02 

6*20000902 

5*7223«<01 

4,63412*02 

1,64234-04 

1 

5,97«18+02 

5*97339902 

5,9B843o01 

4,83904902 

1,89640*04 

2 

S, 571197+02 

5.57343*02 

6t34820»Dl 

4,83649*02 

2*939i5«0A 

3 

5,15311+02 

5*15179902 

6*S4S50«0l 

9,83887902 

3,02281*04 

4 

«. 73006+02 

4*72893902 

7*440t2w01 

4,83873902 

3*65508^04 

5 

4.3o702+02 

4*30610902 

8.14683«01 

9.636S8602 

4«344684r04 

6 

3,88397+02 

3*88327902 

8 , 97533-01 

4,83840902 

5,10157-04 

7 

?.«6U,t+a2 

.3*54065952. . 

1*00135900 

.4.83822902 

5.9J^m«04 

8 

3,0fl021+02 

3.04007902 

1*13266900 

9,83800902 

6*88471«04 

9 

2,6i66S+02 

2*61680902 

1*30628900 

4,83767902 

7,89139*04 

JO 

2.19057*02 

2*19494902 

1.54303900 

9.83735602 

4,06681*04 

11 

1.77468+02 

ii77554602 

1,88484900 

4,83706902 

1,04792*03 

12 

1 . 37600+02 

1.37700902 

2,39140900 

4,83674902 

l«222as«03 

U 

1.13398*02 

ltl3493+0a 

2,86686900 

4,85667902 

1*32533*03 . 

e = i5o' 

3 









OATI » 26 OCT 

73 TIME > 18138126 

TlKE(sECt) > S.iaOtSt 

»0i 

5203 

n COUNT (KO« 

OF' CALCUIATXQNI) 

N 

TM(N) 

TGCN) 

RGCN) 

P8(N) 

HGCN) 


DEg.R 

DEC.R 

lbm/cf 

F8IA 

L8M/SEC 

t 

wO 

6.1g687+Q2 

6»19631602 

5.S735U01 

9*56985602 

*1*16677*03 

1 

5 , 97255*02 

5.96773602 

5,77641-01 

4,56438902 

-1112013*03 

2 

5 , 57331*02 

5»56632602 

69ie667«0l 

9.57028602 

•1*02048*03 

1 

5.15154*02 

5*14647902 

6,67284-01 

4,57100902 

•9*13263«04 

a 

4,72857*02 

aff72342602 

7,25441-01 

4,57154902 

•7f97113«04 

5 

4,30565+02 

4*30041902 

7,44600^01 

4,57143902 

•6 ,'70350*04 

6 

3,88272*02 

3*87736902 

6t757<*64f0l 

4,57214902 

*5,31244*04 

7 

3 . 45499*02 

3*45442902 

4,77464*01 

4,57234902 

•3*76793-04 

8 

3,03432+02 

3*03615902 

1,10526900 

4,57242902 

•2*03299*04 

9 

2,6iS62*02 

2*61507902 

1,27426900 

4,57246902 

*1.81477*05 

10 

2,19371*02 

2,19072902 

lf50747600 

4,57244902 

1,98391*04 

11 

1,77430*02 

1,77213902 • 

1,84224900 

4,57237902 

4,58811*04 

12 

1,37569+02 

1*37444902 

2«33083600 

4,57226902 

7,81740*04 

13 

1,13485*02 

1*13470902 

2*00060600 

4,57218902 

4,70977*04 




NOTES; 1. 

TEMP,°K - °R/1.8 




2* 

DENSITY, kg/m^ 

» 16,02 X L8/FT^ 




3- 

PRESSURE, N/m^ 

« 6.895 X 10^ X PS I 




4. 

FLOW, kg/sec ■ 

0 . 453 s X LB/SEC 
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TABLE 4-1 (Continued) 


NODE 

MATRIX 

GAS 

GAS 

GAS 

GAS FLOW 

NO. 

TEMPERATURE 

TEMPERATURE 

DENSITY 

PRESSURE 

RATE 

e = 180® 


REOuLaR PRiNTOUfs 







date '9 26 OCT 

73 TIME « IBtSIl 

TXHEtsEC 

m 5(2<i999> 

»0l 

'54 IS 

* COUNT (NO* 1 

if -CAUCULATXONS) 

N 

TH(N) 

TG(N) 

R9(N) 

R8(N) 

N«<N) 


DEg.R 

DEG«R 

ubm/cf 

PStA 

L8H/8EC 

>*0 

6,19717+02 

6tl9412902 

5,4071l*01 

9,27047902 

-2*07995-03 

! 

5,96944+02 

5*96383902 

5*60678«01 

9,27168902 

-2*03529-03 

2 

5.S7OI7+O2 

5*56430902 

6*00603*01 

9.27382902 

*1,93982-03 

3 

5,19645+02 

5*14247902 

6*47941.01 

9,27562902 

*1,83711*03 

a 

4,72555+02 

4*71946902 

7*04669ft0i 

9*27711902 

-1,72579-03 

5 

4,30271+02 

4*29653902- 

7,71962*01 

9,27831902 

*1*60430*03 

6 

3,87986+02 

- 3*87360902 

8*51037*01 

9,27925902 

*1,47090*03 

7 

3,45724+02 

3*45089902 

9*50136*01 

9,27997902 

-1,32276-03 

ft 

3.O366I+O2 

3*03303902 

1*07456900 

9,28054902 

*1,15625-03 

9 

2,6t339+02 

2*60976902 

1*24039900 

9,28113902 

-9,78362-04 

10 

2,19160+02 

2*16792902 

1,46693900 

•9,28149902 

•»7*'70313-04 

a 

1,77239+02 

1*76671902 

1*79468900 

9,28168902' 

-5*19657-04 

12 

1,37410+02 

1*37221902 

2*27948900 

9,28176902 

*2,08452-04 

13 

1,13360+02 

1*12000902 

2,75771900 

• 9,28176902 

-2,42536-OS 


0m=« .26 OCT 73 TIMe<8 lt»J9t03 


TlME(sEC*) * 5*374sS* 

'Ot 

'5568 

9 COUNT CNO, OF 

CALCULATION!} 

N 

TM(N) . 

TCCN) 

RG(N) 

peiN) 

M«(N) 


0 Eo * R 

BEO.R 

ubm/cf 

P82A 

LBH/8EC 

• 0 

6,19520902 

6*19218902 

5,26538-01 

9,01665902 

-2,38000*03 

1 

5.96589+02 

5*96040902 

5*4616460l- 

9,01834902 

«2.34439*03 

2 

5,56654+02 

5*56074902 

5*85160*01 

9,02102902 

-2 ,-26828*03 

3 

5.14485+02 

5*13892902 

6*31375*01 

9,02333902 

■*2,16638-03 

4 

4,72196+02 

4*71591902 

6*86813*01 

9,02529902 

■*2,09758.03 

5 

4.29917+02 

4*29299902 

7,52533*01 

9,02691902 

•2,00065*03 

ft 

3,87639+02 

3*87007902 

e,-29B30*01 

9,02824902 

*1*89420*03 

7 

3 , 45379+02 

3*44737902 

9,26715601 

9,02929902 

•1.77592*03 

a 

3,03305+02 

3*02936902 

1,04841900 

9,03020902 

•1,64294*03 

9 

2.6o982+02 

2*60605902 

1,21076900 

9,03121902 

•1,50080*03 

10 

2,18794+02 

2*18408902 

1,43278900 

9,03192902 

•1,33«35*03 

a 

1.76864+02 

1,76485902 

1,75440900 

•9,03237902 

•1,13365*03 


1,37179+02 

1,36964902 

2V22914900 

9,03263902 

-8,84199-04 

13 

1.12375+02 

1*12000902 

2,69312900 

9,03870902 

*7,36600*04 




NOTES; 

1 . T£HP,°k - °R/ 1 . 

.8 





2 . DENSITY, kg/m^ 

- 16.02 X LB/FT^ 





3. PRESSURE, N/m^ 

= 6.895 X 10 ^ X PS 





h. FLOW, kg/sec - 

0.4536 X LB/SEC 
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TABLE 4-1 (Continued) 


NODE MATRIX GAS 

NO. TEMPERATURE TEMPERATURE 


GAS 

DENSITY 


0 «= 240° 


REGULAR PRiNtOUTS 


GAS . GAS FLOW 

PRESSURE rate 


OATE'f-a* OCT ?3 TIME * 

TTMECSCC.) • 5,il9«9««0i 5722 P COUNT (NOi OP CALCUUTXONO) 


N 

TH(N) 

TO(N) 

Re(N) 

F6tN) 

H6(N) 


DEC.R 

DEG.R 

LOH/CF 

P81A 

LBM/8ec 

-0 

6 . 19345.02 

6.19090402 

5.17728-01 

0,85941402 

•2, 13003*03 

i 

5,9b277+02 

5.95821402 

5.37117.01 

8,86072402 

•2, 10650*03 

2 

5 , 56329.02 

5.55844402 

5.75494601 

6,66309402 

•*2,06245*03 

3 

5.14159.02 

5.13661402 

6.20970-01 

6,66517402 

•2,01291*03 

4 

4.7i869.02 

4.71358402 

6,75566601 

6,86696402 

•1 ,95919*03 

5 

4.29390+02 

4.29066402 

7,«0265*01 

6.86648402 

•1«90053«03 

6 

3.87311+02 

3.86772402 

e,16418«0l 

6.86975402 

«1. 83609*03 

7 

3.45049+02 

3.44496402 

9*1189a«0i 

8,87080402 

*1,76447*03 

B 

3.02954+02 

3.02631402 

1.03201400 

8.87173402 

•1.66392*03 

9 

2,8o820+02 

.2*60287402 

lil9223400 

8,87281402 

-1,59776-03 

10 

2.18409+02 

2*18063402 

1.41161400 

8,67361402 

•1,49682*03 

11 

1.76455+02 

1.76112402 

1.72984400 

6.67418402 

*1.37496*03 

12 

1.36688+02 

1.36681402 

2.19665400 

8.67454402 

•1.22341*03 

13 

1.12068+02 

1*1 2000402 

2.65189400 

6.67466402 

*1. 13362*03 


0 = 270° 


DATE « !2A OCT 'll TINK t«ia«|39 


T1M£(sCCO b 5«AsSee*0l 


5SAS P COUNT (NO. OP CALCUkATlONt) 


N 

T«(N) 

TG(N) 

R6(N) 

P«(N) 

N6(N) 


DEg.R 

0E8.R 

L8H/CP 

FSJA 

LBM/SEC 

• 0 

6.14234^02 

6,19122402 

5*17205*01 

6,85062402 

*1,39000*03 

i 

5,96085+02 

5.93896402 

5,36301*01 

8,85137402 

•1,40281*03 

2 

5.56124+02 

5.55909402 

5,74761*01 

•6,85277402 

•1,42922*03 

S 

5.13949+02 

3.13720402 

6,20154-01 

0,85407402 

*1,45797*03 

4 

4,7i653+02 

4*71406402 

6,74638*01 

6,85526402 

*1,46916*03 

5 

4.24369+02 

4*29106402 

7.39229*01 

6,85635402 

*1,52320*03 

6 

3,87084+02 

3*86800402 

■ 8.15268*0} 

6,85732402 

*1.36059*03 

7 

3.44813+02 

3.44506402 

9, 10636*01 

6,85819402 

■*1«6021S«03 

B 

3,02690+02 

3.02494402 

1,03105400 

6,83903402 

'•1,64869*03 

9 

2.6o337+02 

2.60121402 

1,19134400 

6,66016402 

•1,69892*03 

10 

S, 18091+02 

2.17650402 

1.41105400 

6,66106402 

•1.75784*03 

11 

1.76100^02 

1.75846402 

1,73013400 

6.66183402 

*1.62636*03 

1^ 

1,36599+02 

1*16416402 

2.-20046400 

8,86242402 

•1*91647*03 

n 

1.12010+02 

1*12000402 

2,64874400 

6,66265402 

••1,'968«6*03 




NOTES: 

1. TEMP,°K*°R/1 

.8 


2. DENSITY, kg/m^ = 16.02 X LB/FT^ 

3. PRESSURE, N/m^ « 6,895 X 10^ X PS I 

4. FLOW, kg/sec » 0.4536 X LB/SEC 
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of f age 8, 

^OOR QUALiry; 



TABLE 

4-1 (Continue 

d) 


NODE 

MATRIX 

GAS 

GAS 

GAS 

GAS FLOW 

NO, 

TEMPERATURE 

TEMPERATURE 

DENSITY 

PRESSURE 

RATE 

e = 300® 


regular RRiNfoUTt 







DATE » 86 OCT 73 TIME '« I«t39i53 

TiMECsEC 

I.) « 5,7«9i6» 

Ol 

'5918 

« COUNT (NO, 

OP CALCULATIONS) 

N 

TM(N) 

TC(N) 

ftC(N) 

P6(N) 

N6{N) 


OEg,R 

DE6,R 

LBM/CF 

P8IA 

LBM/8EC 

-0 

6,59209+02 

6«l9262f02 

5. 23902*01 

8,97090902 

*3,47365*04 

1 

5,96047+02 

5<961604-02 

5,43281*01 

8,97102902 

*3.75651*04 

2 

5,56075+02 

5t56166A02 

5,81948*01 

8,97127902 

*4,36110*04 

3 

5.13893+02 

S.13966A02 

6,27798*01 

8,97154902 

•5,01172*04 

a 

4,7iS90+02 

4,716434-02 

6,88831*01 

8,97184902 

■5,71722*04 

s 

4,29296+02 

4,29329902 

7«48114*01 

6,97215902 

*6,48738*04 

6 

3,87003+02 

3*87009902 

8,24939*01 

6,97247902 

-7*33331*04 

7 

3,44720+02 

3*44697902 

9.21317*01 

8,97280902 

•8,27335*04 

8 

3.02570+02 

3*02530902 

1,04346900 

8,97317902 

•9,33152*04 

9 

2, 60195+02 

2*60132902 

1.-20558900 

8,97370902 

>1,04632*03 

10 

2,17914+02 

2*17823902 

1,42789900 

8,97419902 

*1. 17895*03 

li 

1,75885+02 

1*75769902 

1,75094900 

8,97465902 

*1,33913*03 

12 

1.36386+02 

1*36271902 

2,22778900 

8,97505902 

*1,53848*03 

13 

1,12002+02 

1.12000902 

2,67815900 

8,97522902 

*1,65590*03 


e = 330® 

TIME(3EC 

,) C 5 , 87500 * 

Ol 

6082 

DATE 9:16 OCT 73 TINE -> 18180105 
■COUNT (NO. OF CALCULATIONS) 

N 

TM(N) 

TSCN) 

RC(N) 

P8(N) 

WC(N) 


DEG.R 

DEG.R 

LBM/CF 

F8IA 

lbm/sec 

tO 

6.19417902 

6*20000902 

5,36360*01 

9,20202902 

8,69995*04 

1 

5.96128+02 

5*96359902 

5,56605*01 

9,20166+02 

8,29628*04 

2 

5.56205+02 

5*56649+02 

5.95824*01 

9,20104902 

7.43381*04 

3 

5,10018+02 

5*14483902 

6*42618*01 

9,20056902 

6,50604*04 

41 

4, 71706+02 

4*72185+02 

6.98714*01 

9,20021+02 

5,50019*04 

5 

4.24403+02 

4*25900902 

7,65314*01 

9,19998902 

4,40252*04 

6 

3 , 87095+02 

3*87620902 

8*43547*01 

9,19983902 

3,19736*04 

7 

3,40797+02 

3*45391902 

9,41552*01 

9,19975+02 

1,85887*04 

a 

3,02625+02 

3*03115902 

1,06636+00 

9,19973+02 

3,52489*05 

9 

2.6o23i+02 

2*60461+02 

U23249900 

9,19974+02 

*1,25904*04 

10 

2,17923+02 

2*18078902 

1,45945900 

9,19979+02 

*3.14651*04 

n 

1,75861+02 

1,75957+02 

1,78908+00 

9,19989+02 

*5.42442*04 

xz 

1,36297+02 

U36290902 

2,27711+00 

9,20003+02 

*8,25820*04 

13 

1.12000+02 

1*12000+02 

2,73659906 

8 . 20011+02 

*9,92599*64 




NOTES; 

1. TEHP,°K - °R/1,8 

2. DENSITY, kg/m^ * 16.02 X LB/FT^ 

3. PRESSURE, N/m^ » 6.895 X 70^ X PS I 

4. FLOW, kg/sec = 0^4536 X LB/SEC 
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TABLE 4-1 (Continued) 


NODE 

MATRIX 

GAS 

GAS 

GAS 

GAS FLOW 

NO. 

TEMPERATURE 

TEMPERATURE 

DENSITY 

PRESSURE 

RATE 

e a 360° 


RECULAP 

PRINTOUTS 







DATE 26 -OCT 

73 TIME » 10 

TlMEtsEC 

•) • 5,99983* 

01 

6212 

• COUNT (NO, 

OF CALCULATION! 

M 

TMtN) 

TG(N) 

■P6CN} 

PC(N) 

NG(N) 


DEe.R 

DE6,‘P 

L8M/CF 

-PSIA 

LBM/8EC 

••0 

6,19672+02 

6*20000602 

5,528ff*0i 

9,49539*02 

1,94668*03 

1 

5,96205+02 

5,96597+02 

5, 73401*01 

9,49431*02 

1,90217*03 

a 

5.56492+02 

5.57071+02 

6,13557*01 

9,49241*02 

1,80205*03 

3 

5, 1430 8+ 0-2 

5,14920*02 

6,61500*01 

9,49082*02 

1.69603*03 

n 

4.71992+02 

4.72618*02 

7,19116*01 

9,40951*02 

1,58027*03 

5 

4.29682+02 

4,30323*02 

7,07497*01 

9,46046*02 

1,45395*03 

6 

3,07367+02 

3,06023*02 

6,67760*01 

• 9,40767*02 

1,31532-03 

7 

3.45062+02 

3,45734*02 

9,60435*0} 

9,40700*02 

1,16139*03 

8 

5,02901+02 

3,03299*02 

1,09700*00 

9.40661*02 

9,88155*04 

9 

2.60401+02 

2,60876*02 

1,26630*00 

9.40616*02 

0,03056*04 

10 

2,18156+02 

2.10573*02 

1.49610*00 

9.40509*02 

5.86544-04 

11 

1.76060+02 

1*76530*02 

■1,03304*00 

9,48577*02 

3.25694*04 

12 

1.36350+02 

1,36506*02 

2,33464*00 

9,48574*02 

1,39544-06 

13 

1.12000+02 

1,12000*02 

2,01023*00 

9,40574*02 

-1.09553-04 


NOTES: 1, TEHP,°K-Vi,8 

2. DENSITY, kg/m^ => 16.02 X LB/FT^ 

.3. PRESSURE, = 6.895 X 10^ X PS I 

- 4. FLOW, kg/sec - 0.4536 X LB/SEC 



AIRESEARCH MANUFACTURING COMPANY 

Ids Angeles. Californta 


74-9896-1 
Page 4-10 





■< 


D) -t- 
U!5 I 
CD VJD 

oo 

1 CJ^ 
—1 I 


NOTES: 


1. FRONTAL AREA = 0.00044 (0.68235 IN.^) 

2. = 0.0762 m (3 IN.) OF 0.000254 m (0.010 IN.) DIA MONEL SHOT 

3. L^ = 0.0508 tn (2 IN.) OF 0.000178 m (0.007 IN.) DIA MONEL SHOT 

4. SPEED = 400 RPM 

5. MAXIMUM PRESSURE = 6.895 X 10^N/m^ (1000 PS I A) 

6. 0° = TOP DEAD CENTER, COLD DISPLACER 

7. TEMPERATURE, °K = °R/1.8 



Figure 4-K Temperature Variation at Cold End of Cold Regenerator 
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NOTES: 

1. FRONTAL AREA = 0.00044 (0.68235 IN.^) 

2. Li = 0.0762 m (3IN.) OF 0.000254 m (0.010 IN.) 
DIA MONEL SHOT 

3. Lo =0.0508 m (2 IN.) OF 0.000178 m (0.007 IN.) 
DIA MONEL SHOT 

4. SPEED = 400 RPM 

5. MAXIMUM PRESSURE = 6.895 X 10° N/m2 (1000 PSIA) 
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Figure 4~2. Pressure Drop of Cold Regenerator 



DIA MONEL SHOT 
01 A MONEL SHOT 


00044 (0.68235 IN. ) 

IN.) OF 0.000254 m ( 0.010 IN.) 
IN.) OF 0.000178 m (0.007 IN.) 

= 6,895 X 10 ^ N/m 2 (1000 PS I A) 
TER, COLD DISPLACER 
= 0.4536 X LB/SEC 






(4-1) 


«loss - (T-T^^f)de 

O 

Where 

# 

Q., ' = regenerator loss per revolution 

loss 

(i) = fluid flow rate 

cp = specific heat (function of temperature and pressure) 

T = fluid temperature 

= cold expansion volume temperature 

Figures 4-1 and 4-3, along with the specific heat characteristics of 
helium, allow a stepwise evaluation of Equation 4-1. The Integrated loss as a 
function of crank angle Is presented In Figure 4-4. The total loss per cycle 
is O.I 309 J (0.0001241 Btu) . At a rotational speed of 400 rpm, this loss 
translates to a total of 0.872 watts. 
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LOSS = / ^ Cp (T-Vp) de 

FRONTAL AREA = 0.00044 (0.68235 I N.^) 

L^ = 0.0762 m (3 IN.) OF 0.000254 m (0.010 IN.) 
DIA MONEL SHOT 

I2 = 0.0508 m (2 IN.) OF 0.000178 m (0.007 IN.) 
DIA MONEL SHOT 

SPEED = 400 RPM 

MAXIMUM PRESSURE = 6.895 X 10^ N/m^ (1000 PSIA) 
0° = TOP DEAD CENTER, COLD DISPLACER 
LOSS, JOULES = 1055 X BTU 

—1 ^ I L 

160 200 240 280 

:SHAFT ANGLE, DEGREES 


inary Design Cold Regenerator The 
er Cycle 


SECTION 5 

HOT REGENERATOR DESIGN 



AIRESEARCH MANUFACTURING COMPANY 
OF CALIFORNIA 


74-9896-1 




SECTION 5 


HOT REGENERATOR DESIGN 


I NTRODUCTI ON 

regenerator serves as a thermal isolator between the sump and the 
high temperature portions of the VM refrigerator. As the gas flows from the 
sump towards the hot end, it is heated to a temperature approaching the maximum 
in the cycle. At the time of flow reversal, an expansion process begins which 
allows heat to be added to the gas at essentially constant temperature. The 
expanding gas is cooled as it flows through the regenerator, thus storing 
energy in the regenerator matrix and reestablishing the temperature profile for 
the next half. Desirable design features are similar to those of the cold 
regenerator, with major emphasis placed on different items. 

The hot displacer is considerably larger than the cold, and thus the pres- 
sure differential across the displacer strongly influences motor drive power. 
Thus regenerator pressure loss becomes an item of prime importance. Thermal 
efficiency assumes a less important role In the hot regenerator than in the 
cold. The thermal losses at the hot end are compensated for by additional heat 
input on a one to one basis, whi le at the cold end the thermal power input to 
offset the losses Is magnified by the coefficient of performance of the refrig- 
erator. Void volume at the higher temperature does not affect performance 
nearly as strongly as at colder temperatures, since the mass of gas stored in 
the high temperature region is smaller, due to the high temperature. 

METHOD OF ANALYSIS 

The hot regenerator Is analyzed in the same manner as the cold. A 
description of the analytical methods used in the computer program, along with 
the physical characteristics of candidate packings, is presented in Appendix A 
of this report. 

DESIGN CONFIGURATION AND PERFORMANCE 

The hot regenerator is one of the components of the VM which has been 
changed from the configuration presented in Task I report {Reference 1). 

Very soon after initiation of detail design, it became apparent that the hot 
end power requirement of the preliminary design machine was too high, in an 
effort to reduce the power input, the maximum operating pressure was reduced 

from 10.34 X 10^ to 8.619 X 10^ N/M^ (1500 to 1250 psia), as discussed earlier. 
This resulted in thinner pressure vessel walls and reduced conduction losses. 
However, it was decided that a further reduction in hot end input power was 
desirable, and the hot regenerator and di splacer were thus lengthened. The 
regenerator length was increased from O.IOI6 to 0.1112 in. (4 to 4.375 in.). 
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The hot regenerator is annular in shape with an annulus height of 
0.00381m (0.150 In.). The total length is 0.1112jn (4.375 in.), which is 
packed entirely with 100 mesh stainless steel screen. The screen has a 

porosity of 72.5 percent, an area -to volume ratio of lO,080mVm^ (257 \r\}f\r\?) 
and a hydraulic diameter of 0.000288m (0.01132 in.). The frontal area of the 

regenerator is 0.00074lm^ (1.15 in.^). 

The screen packing was selected Instead of sperical shot, or a combination 
of the two, in order to minimize pressure drop. The high operating temperature 
of the hot regenerator minimizes the effect of the increased void volume of 
screen packing as compared to spheres. Pressure drop through the screen matrix 
is also predicted more accurately than for the spheres. This is caused by the 
inherent uniformity of the screen material rather than the analytical methods 
used. Slight variations In shot size or departure from a perfectly spherical 
shape may cause deviations in pressure drop. This Is an Important factor in 
the hot regenerator packing selection because of the strong influence of pres- 
sure drop on drive motor power. Finally, the selection of stainless steel was 
based on the superior heat sink capacity in the operating temperature range of 
interest (see Appendix A). 

Table 5~1 presents the detailed output from the regenerator analysis 
computer program for the preliminary design hot regenerator. The output 
parameters listed In the table are metal temperature, gas temperature, density’, 
pressure, and flow rate. These parameters are printed as functions of time 
(angular crankshaft displacement) and of position in the regenerator matrix. 

The angular position is referenced to top dead center of the cold displacer. 

Node 0 represents the gas inlet face at the sump end, and Node 11 the outlet 
at the hot end. Nodes 1 through 10 are internal to the matrix. Positive 
flow rate indicates flow from the sump toward the hot end. 

Figures 5-1 through 5-3 present plots of key parameters from the data 
of Table 3-6- The hot gas and matrix temperatures are plotted as functions 
of crankshaft position in Figure 5-I. The small difference between the two 
temperatures is indicative of adequate heat transfer. The matrix temperature 
swing of 1.355 K (2.44°R) shows that the matrix heat capacity is sufficient. 

2 

Figure 5-2 indicates a maximum pressure drop of 5590 N/m (0.8II psi). 

This value of pressure drop is higher than that of the preliminary design 
unit due to the increased length. The pressure drop is still acceptable from 
a motor power standpoint. 

At any time gas is Introduced into the hot end of the machine at a temper- 
ature less than the operating level, additional heat must be added to make up 
for the deficiency. Thus compensation must be made for the loss represented by 
the regenerator inefficiency. This loss may be evaluated by use of Figures 
5-1 and 5“3 > which presentsthe gas flow rate at the hot end of the regenerator. 
Equation 4-1 is used to evaluate the regenerator loss, as was done for the cold 
regenerator. The cumulative losses are shown as a function of crank angle in 
Figure 5-4. The total loss per crankshaft revolution is 0.914J (O.OOO866I Btu) , 
which translates to a total loss of 5.67 watts at a speed of 400 rpm. 
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TABLE 5-1 

PRELIMINARY DESIGN 
•HOT REGENERATOR 
PERFORMANCE CHARACTER! STl CS 


^oon QVAUT^ 


NODE 

MATRIX 

OAS 

GAS 

GAS 

GAS FLOW 

NO. 

TEMPERATURE 

TEMPERATURE 

DENSITY 

PRESSURE 

RATE 



REGULAR 

PRINTOUTS 



e - 0° 




DATE > 26 OCT 73 

TIME • 11144126 

TlMECjECi 

3 m 4«4^0af«»0l 


3611 

P COUNT (NO+ OF 

CALCUVATlONa) 

N 

TMfMJ 

■TC(NJ' 

' ROtN) 

POtN) 

W6(N) 


OEe«R 

DEO.R 

L6H/CF 

- P81A 

LBM/SEC 

M 0 

6,‘2it2S+08 

'6«-20Q00602 

5,-Sa267»(U 

- 9,49460*02 

■7,40777-03 

1 

6,73642+02 

6»71116*92 

S+137S1+.01 

9,49459*02 

7.27362-03 

s 

7.57571+02 

7+55042*02 

4+57692»0l 

. 9,49412*02 

7„<I3381.03 

s 

6,48135+02 . 

•8,4S44i(*0a 

- 4,09655wtlt 

-■ -9, 49359*02 

6.81871-03 

4 

9,34646+02 

9+37109*02 

3.70144-01 

9,49301*02 

6,62394-03 

5 

1,03132+03 

1+02690*03 

3+35575-01 

9,49237*02 

6.44701-03 

6 

t;lS300+03 

1+12066*03 

■ ‘S+OtOtS^Ol 

■9,49164*02 

6,28793-03 

7 

l,2i467+03 

1+21242*03 

2t66469e0i 

'9,49063*02 

6,14666-03 

6 

1,30629+03 

1+30407*03 

‘2+31999-01 

-9,46969*02 

6,02327*03 

9 

1,39734+03 

i+snt6*»3.- 

T»9T6*6»0l 

9i466T9*02 ' 

5-,-917S7-03 

10 

1.48369+03 

1+48165*03 

l + 6S109<»Oi 

9,46746*02 

5,62669-03 

u 

1.53366+03 

1.53241*03 

1+46001-01 

9,46669*02 

5,76916-03 


6=30° 'jpm • >a* bCT T3 TIME » Ill««l36 

T1HE(sEC«) - n #t*2<l«5hei 3741-W-COUNT (Wli OF CAtCUtATIONSJ 


N 

TMiN) 

T9<M) 

R9(M) 

M8{(0 

WG(N) 


0E9.4 . 

920,-4 

L0W^ 

' MJA 

usM/oec 

•0 

6.26647*02 

6+20000902 

5+70101')Oi 

9,77423*02 

6,55594-03 

t 

6. '7 1911+02 

6+70221*02 

S.BTtOSvOt 

--9;77405*o2 

6i456tt-03 

a 

7,58214+02 

7+53653*02 

4+71897-01 

9.77367*02 

6.27775-03 

3 

8,48735+02 

8+44042*02' 

4,-22153-01 

9,77323*02 

6,11776-03 

a 

9+38316*02 

9+35709*02 

• 3+03375-01 

■9+77270*02 

5+97296-03 

5 

1.03006+03 

1+02756*93 

3+45606-01 

9,77220*02 

5,64140-03 

6 

1,12160+03 

1+11939*03 

3,10246-01 

9,77156*02 

5,72311-03 

7 

1.-21350+03 

1.-21116*03 • 

• -2, -74710-01- • ■ 

- -9,77088*02- 

S-, 61606-03- 

8 

1.3oSl4+03 

1+30265*03 

2,39217-01 

9,77007*02 

5,52626-03 

9 

1.39621+03 

1 +39396*03 

2,03942-01 

0,76912*02 

5,44761-03 

to 

1,48263+03 

1+46053*03- 

l,704i9»0l 

•9,76797*02 ■ 

-5+36146-03 

U 

1,53301+03 

1*53173*03 

1,50613-01 

9,76729*02 

5+35206-03 



• 

NOTES; 1. 

TEMP, °K - °R/1.8 



2. DENSITY, kg/m^ - 16.02 X LB/FT^ 

3. PRESSURE, N/ni^ = 6,895 X 10^ X PS I 


k. FLOW, kg/sec » 0.4536 X LB/SEC 
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ORIGINAL PAGE I& 




OF POOR QUALlTYi 



TABLE 5“1 

(Conti nued) 



NODE 

HftTRIX 

GAS 

GAS 

GAS 

GAS FLOW 

NO. 

TEMPHRATURE 

TEMPERATURE 

DENSITY 

PRESSURE 

RATE 


i 

regular 

PRINTOUTS 



e = 60° 









tXwTC eP wT^J 


TiHe^asc, 

) '« A«74932.0j 


3049 9- 

COUNT (HO, OF CALCULATIONS) 

N 

TM(N) 

T8{N) 

R6(N) 

W(N) 

HG,(N) 


DEe.R 

OEG.R 

L8H/CF 

P0IA 

LBH/SEC 

wO 

6,2o«07+02 

6.20000902 

S,06l52«»Ol 

9,'95161902 

3t7087W03 

i 

6. 71206^02 

8.69034+02 

3,30862«Ot 

'9,95153902 

3«6604N03 

z 

7.5S161+.02 

■7 *53047903 

• 4*«0649i.01 

9,95136902 

3f57398oi03 

% 

B.as643«02 

0.43421902 

4*29977«»0l 

9.95J1S902 

3«4964a«>03 


9.3726V02 

9.35118+02 

•3*O0426oOl 

9,-93092902 

3f 42632«03 

9 

1.029064.C3 

•lr02T00903-- 

-- -Sif52232-01 

■ 9,95064902 

3r36a56o03 

6 

US20S4«03 

1,11005+03 

3*1604M0l 

9,95037902 

3«30S36«*03 

7 

t,2l297«03 

1*21084903 

t«7909l>Ol 

9,95004902 

3oa5437«03 

a 

l,3oa22^03 . 

1.30254903- 

-2V43773901 

9.94965+02 

3tT!0988»93 

9 

1.34531+03 

1,39347903 

•a,O7078»Ol 

•9,94919+02 

3f 171770*03 

10 

1.48179+03 

1.40007903 

1,73760-Ql 

9,94063902 

3»l397l*03 

n 

l;53eS0*03 

l?53t4S+03 

l,5353t«0i 

•9,-94831902 

3f 12540v03 

0 = 90° 



DATE ■ 26 OCT ‘73 

TXNC 8 Ut44tS0 

TtHeCsKC 

• } f 4««6949eiOi 


• .3907 « 

COUNT (NO, 'OF. CALCULATIONS) 

M 

TMtW 

T»fH) 

WIN) 

W(N) 

H0(N) ■ 


DEo.R 

DE6.R 

LBM/Cp 

P8IA 

LBM/SEC 

mO 

8, 20323+02 

6.19982902 

5,81641««1 

9*9776l902- 

•3,11788-04 

1 

8,7o902+02 

6.69999902 

5.40105901 

9,97764902 

-2,97470-04 

z 

7,54751+02. 

7*53210902 

4,61791-01 

9,-97773902 

-2,71093-04 

3 

4.49214+02 

-r<11170f902 

'4 *50976901' 

- -9;mt2902 

•2,48957<»04 

4 

9,30052+02 

9*35320902 

■3.99404-01 

9,97050902 

-2,20194-04 

5 

1.02086*03 

1,02714903 

3,53150-01 

9,97073902 

-2,09332-04 

6 

l;l2045+03- 

mw2»«3-- 

3.18873-0^ 

9-,'9r0®4902' ■ 

■ •i;9a3Tt-04 

7 

1.21219+03 

1*21004903 

2.00616-01 

9,97090902 

-1,77310-04 

a 

l,3o384+03 

1*30250903 

2.443009O1 . 

9,97095+02 

-1,64146-04 

9 

1. ■30094+03 

ri3937T903'- 

“ -2VO0377»O1 • 

' - 

- -1,52869-04 

10 

1,40144+03 

1,40040903 

1,74 169- 01 

9t97904*0a 

-1,43366-04 

11 

1.53229+03 

1*55175903 

1,53991-01 

949790699a 

-1,39176-04 




NOTES: 1. 

TEMP, °K » °R/1.8 




2. 

DENSITY, kg/m^ - 

16.02 X L8/FT^ 




3. 

PRESSURE, N/m^ « 

6.895 X 10^ X PSI 1 




4. 

FLOW, kg/sec « 0.4536 X LB/SEC 
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TABLE 5-1 (Conti nued) 


NODE 

MATRIX 

GAS 

GAS 

GAS 

GAS FLOW 

NO. 

TEMPERATURE 

TEMPERATURE 

DENSITY 

PRESSURE 

RATE 



REGULAR 

PRINTOUTS 



6 =120° 



■OATK ‘OCT 73 

TIME m 111441 

TjMgCsEC. 

0 » 


►jfT* »^wOUNT \T»y# *©7 

CiLCULAUONS) 

N 

TH(«J 

T5CN) 

ROtN) 

P«(N) 

M 6 (N) 


oeb.k 

DEC.R - 

tSK/CF 

w* 

LSK/SfC 

«0 

6.205824,02 

6*21972902 

-3,-720»9*0i 

9.83801902 

-4,-42872-03 

t 

-6i7i292+oa 

4-4733««90r2- — 


.^0 BHil a 8 A A 

V * © -5^^ * T y c 

- «4s3554a«03 

? 

7 . 551034.02 

7*57254902 

4,'72n5-0l 

'9,-83834902 

•«4, 22430-03 

3 

6.45S42402 

8.47615902 

4423184*01 

9,83860902 

'•4,10663-03 

4 

’>.37150402 

9.59135902 • 


9j8S689902 

-«4«00005-03 

5 

1.02894401 

1.03085403 

3*46855-01 

•9,83922902 

-3,90325-03 

6 

1.12072405 

1*12258903 

.3*11112-01 

9,83950902 

-3,81622-03 

7 

1.2t2<t6405 

U21428903 - 

2*75417-01 

9-,'04W90«- 

-•3 *-75898-03 

8 

I. 30 OII 4 O 3 

1*30591903 

a,-3973l-0l 

9,84047902 

-3,67150-03 

9 

1,39519405 

1.39886403 

2*04306-01 

9.84104402 

-3,61373-03 

to 

l,4ql62403 

1*48268903 - 

-1*70879-01 

-9i8«n902- 

■ -93-,56510*03 

ll 

l.SsMUOS 

1*53500903 

1*5 0499-01 

9,842ll40t 

•3«S49fi8-0S 

e = 150 ° 




timecscc. 

1 9 5.l24«6«0l 


4082^ H 

COUNT CNO. OF CALCULATIONS) 


N 

TMCN) 

T6(N) 

RalN) 

F8(N) 

W6(N) 


D2S.R 

OEG.R 

LBM/CF 

-F8IA 

lbh/sec 

mO 

6.2'i312402 

6*22956402 

9*56l30-0{ 

9,56932902 

-6.79392-03 

1 

6,72323402 

6*74674402 

•3,14854-01 

9,56950902 

-6,69998-03 

a 

7,S615441»2 

■7*5*603902 • 

4v59St0-0l 

■94«r993902 — 

--6,42037-03 

3 

8,46326402 

a*4*86l902 

4*11302-01 

9,97037902 

■ ••6,20327-03 

a 

9.38070402 

•9.40293903 

3*'71’912-01 

9,97088902 

•-6.01038-03 

'3 

1.02981403 

- t-r03t9#+05^ 

-3437168-01- 

-9i97t4S902^~ 

- -5,83336-03 

6 

i.ittss-ei 

1*12362403 

5*02407-01 

9,57208902 

-5,67424-03 

7 

1,21327403 

1(21530403 

2*67644-01 

9,97279902 

•5,53302-03 

S 

1, 30492403 

1*30692905 

-2*52906-0r 

•9i-S75609O2' • 

"--9,40969-03 

S 

I.S 9 S 944 O 3 

1.39779903 

1,98446-01 

9.97459902 

-5,30410-03 

10 

1.48210403 

1*48329403 

1*66020-01 

9,97569902 

-5,21520-03 

11 

. 1 , 53366405 - 

1 453500903 

li46407-0l- 

• "9?5763#602- ■■ 

- --5i-t7SftO«03 




NOTES: 

1. TEMP, °K = °R/1 

.8 





2. DENSITY, kg/m^ 

- 16.02 X LB/FT- 





3 . PRESSURE, N/tti^ 

» 6.895 X 10^ X 





4. FLOW, kg/sec « 

0.4536 X LB/SEC 
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e = 210 ^ 



date w 2* OCT 73 

-TIME* 11145127 

T|Mt(gEC 



-♦3*7-:»--CtrtmT tWi -Of C*tC«tATtON9J 

N 

TH(N) 

TG(N) 

RO(N) 

PC(R] 

W6(N) 


OEQ.R 

- - •MCiR ■ 

” L8M/CP 

PSIA 

U5M/8EC 


6.2Sia5«02 

*•24916902 

5 •'23593+01 

9,017*2902 

•S.71441.03 

1 

6VT«^8i402 

6ST73059-02 

-4i839»8<i0l 

9,01776902 

.5,*1310€>03 

2 

7,580*9^02 

7«61290*02 

4 .319451.01 

9,01812902 

-5,43175.03 

3 

9,49091^02 

S*51406902 

3.9*973<*01 

9,01951902 

-5^2*996-03 

4 

9,48493902 

9*<r2690*02 

- -SiBOOStwOl 

9,01895902 

-Si 121 19-03 


1.032tU03 

1 <03433903 

3.17a33«0t 

9.01943902 

-4,98711-03 

6 

1,18377903 

ltl359390S 

2.a4448»0l 

9,01998902 

•4,8*6*1-03 

7 

1, 21545903 

Irt 17479 03 ■ 

2l-9t*r30»01 • 

-9.080*0902 

-4?759*8-03 

S 

1,3070*903 

1 •30983903 

a*t8B36»0l 

9,02131902 

•4,66*33-03 

9 

I. 3979 I 9 O 3 

1.39971+03 

1 .8*358001 

9,02214902 

•4,58643-03 

10 

1, 48334903 

1»4W47903 

■1 .'5*000001 

'9.02314902 

-4.3t909-03 

n 

1.33450903 

1*53500903 

1.37S96o0l 

9.02373902 

-4, 48916-03 



• 

NOTES: 1. 

TEMP, °K =• “r/1. 

8 




2. 

DENSITY, kg/m^ - 

T6.02 X LB/FT^ 




3 . 

PRESSURE, N/n)^ » 

6.895 X 10^ X PS1 




4. 

FLOW, kg/sec » 0.4536 X LB/SEC 
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TABLE 5-1 (Continued) 


NODE 

MATRIX 

GAS 

GAS 

GAS 

GAS FLOW 

NO. 

TEMPERATURE 

TEMPERATURE 

DENSITY 

PRESSURE 

RATE 



REGULAR 

PRlNtOlJTS 



6 = 21*0® 



-®6TE ^ *26 :OCT 73 

TIME a 11145136 

TiMEtsEC. 

) m 


4456 

COUNT (NO* OF CALCULATIONS) 

KJ 

TM«N) 

TBCN} 

R8CM) 

PGtH) 

NQ(N) 


OCGtR 

OEO.R 

LBM/er 

F8XA 

LSN/8EC 

*0 

&«23B29«02 

6^25048902 

3*14572«01 

8,86040902 


1 

6,T88<>8*02 

6*77602902 

4,7S566*>01 

8,86047902 

•a, 99022*03 

2 

7,S9806+08 

7. 61563^- 



— «i86062902 

•2?6S072«03 

3 

8,«99eU02 

8*51650902 

3*40255»0l 

8,86079902 

•2.78236-03 

a 

9,ai3a6+02 

9*42902902 

3*«3954<>0l 

8,86096902 

•2,69319«03 

5 

1,03891^03 

tr0344«903- 

?«l J726w<^t “ 


*2«6|:22t«03 

6 

l,t2«56«03 

1*12601903 

-ai?9«70*0i 


•2«53944«03 

7 

1,21022^03 

l«jlt7649»3 

a,47l98*0l 

8,86170902 

9*2*47487*03 

a 

i.serauos 

i*-509n983- 

a* 14991*01 

>8^86201902 

a2,416S0»O3 

9 

1, 39859+03 

1*39986903 

l*830ai<»01 

8*86238902 

a2,'37025«03 

16 

i.4g376+03 

1*48456903 

l,S3t8f«0l 

1,86282902 

•2,32959*03 

It 

l.S39«7a03 

t*939««9«3 

TfSlSVlvO} 

8,96f08*02 

•2s31t51*03 


9 = 270® 



OATI 

:4 26 OCT -73 TIME 11145141 

T1ME(sEC.) 

a S,624a6*0i' 


8118 -6 COUNT- (NO* OF CALCULATIONS) 

N 

TNtN) 

TUtlY) -- 

■ -RO(N) 

-P«(N) 

WOCN) 


DEg«R 

DEG.R 

L9M/CF 

PSIA 

IBM/8EC 

• 0 

6,-84066+02 

6*20000902- 

5,37745*0 1 

- 8,-88028902 

a«9S301»04 

! 

6.76267+02 

.6*77822902 

4,74871*01 

8,88027902 

2,19039-04 

2 

7,60187902 

7*62209903 

4*23591-01 

8,86024902 

1,56361-04 

3 

•8;5o3SO+02 

8 *-5255690#-- 

3*79414*01 ' ' 

— -8^85020902 " 

9,^4a4»05* 

4 

9,4i684+02 

9*43648902 

3*43211*01 

-8,85019902 

4,7654a«05 

5 

1.03326+03 

1*03538^ 

-3.11006*01 

8,83019902 

7, 24931.07 

6 

til2490+03 

r» 12696901 — 

--~a?T8786wOl— 

-8;8301'9902 ' “ 


7 

1.21656903 

1*21852903 

2.46S7(«01 

8,85019902 

-.7,88S07*O5 

a 

I,3o8l5+03 

1 *30997903 

■2,14396*01 

8,85019902 

<i«usao«o4^ 

9 

1;S9B90703 

1*40053903 ■ 

l»82534*0l 

— 8^85020902^ 

mi 539479«04 

to 

1,48394+03 

1*46477903 

1*52897*01 

6,65022902 

-1,63033.04 

n 

1.55473+03 

1*53500903 

1*35224*01 

8,85023902 

•1,73536.04 


MOTES: 1. TEMP, °K'» °R/t.8 

2. DENSITY, kg/m^ » 16.02 X LB/FT^ 

3. PRESSURE, N/m^ - 6.'895 X 10^ X PS I 
i*. FLOW, kg/sec =» 0.1*536 X LB/SEC 
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TABLE 5“1 (Continued) 


NODE 

MATRIX 

GAS 

GAS 

GAS 

GAS FLOW 

NO. 

TEMPERATURE 

TEMPERATURE 

DENSITY 

PRESSURE 

RATE 



REGULAR 

PRINTOUTS 



o 

o 

o 

II 



date « 2* OCT 73 

TINE « 111401.46 

TiMECsECi 

,) .» S»7497l«0t 


-OOWT tW* OF CALCULATIONS} 

N 

TH(N> 

TB(N> 

R8(N) 

FOIN) 

WG(N} 


{lEGtR 

DKQfR 

■t0H/CF 

'F8XA 

' LBM/sec 

• 0 

«.Z31«9*02 

8*20000902 

-5«a4624»0l 

8,971*7+08 

'3,55292-03 

1 

6.7608««02 

8*74882902 

'9r«3#t5*01- 

-3+97199+02 

3,47177-03 

2 

7.5qV4+02 

7*98428+02 

4.3tS8S*0l 

8.'97l40+08 

3.32723-03 

3 

8.5cl33+oa 

8*48521902 

3.8*269o0i 

8,97120902 

3,19745-03 

a 

9,4i<1B5+02 

9*39952902 

3*49184»01 

8-.-9T097+02 

3,07987-03 

s 

1.03306.03 

1*03184903 

■3*16493«>01 

0*97071902 

2,97309-03 

6 

1,12473.03 

1*1233*903 

2.8}79S«0l 

8.97043+02 

2.67709-03 

T 

t.2}640:^03 

1 »2t5O-7»03"- 

2TS1096.O1- 

--8t97OL2902 

2,79190-03 

A 

t,3c798.03 

1*30668+03 

2,18437«0l 

4,96976902 

2,71750*03 

9 

1,39874.03 

1*39745+03 

lt8*079«0l 

0.96934902 

2.6S378-03 

10 

J , 41379.63 

l,-4a2f+*03 

li;5S726«Ut 

8,96883*02 

-2,60008*03 

u 

1,S349C.0S 

1*93384+03 

1*37461601 

8,9*893902 

2.S7625-03 

6 = 330^ 



0*T«-»-:2+-OCT-73- 

TfHC-^l - m«5t55 

TiMEtaEC. 

) R 9.6t«s0.0l 


4*88 9 

COUNT (NO. OF CALCUIATI0N8) 

N 

TMfN) 

T0(N) 

R6(N) 

F9(N) 

W6(N} 


DEq.R 

0(6*R 

uaH/cr 

R81A 

LBM/SEC 

• 0 

6,22018.02 

6*20000902 

5,37594«01 

9,20056+02 

6,14852-03 

1 

6 , 75435+02 

6.73771+02 

4*9*227oQi 

9,20039+02 

6,03284-03 

2 

7,59138+02 

7*1S6099+02 

-4+48979»0t 

9+20002+02 

5+62970-03 • 

3 

-8,49274.02 

8*4*918902 

3*96603«01 

9,199*0+02 

5,63977-03 

4 

<>.4«87S.02 

9.3*401902 

-3*S8444o01 

9,19914+02 

5,47134-03 

9 

1-;03»32.0» 

■l»030t6903 • 

— il+t89tt»0t- 

9il98*2+08- 

- 5,31235-OS 

4 

1.12401+03 

1*13193+03 

2.91395-01 

9,19803+02 

9,18083-03 

T 

1.21S70.05 

1.213*9+03 

8 .87^*79-01 

9,19738+02 

'9*09875-03 

8 

1.3073099S 

l*t0933+»3 

- ^.»t««t»0l 

9,t98et902“^ 

’ • -r,-9SHt0*03 

9 

1.39807+03 

1*39*13+83 

1 *91239*01 

9,19578+02 

4,86074-03 

10 

1.48317+03 

1*48138+03 

1,69099*01 

9,19468+02 

4,78379-03 

11 

1 , 53422 + 03 - 

t"*^330T+03 ' 

“ -t-rottao^t" 

■ - ■•9t19#0*+^02 

4,-70999*03 


NOTES: 1. TEMP, °K ■ °R/1.8 

2. DENSITY, kg/m^ 3 16.02 X LB/FT^ 

3. PRESSURE, N/m^ » 6.895 X 10^ X PS I 
4'. FLOW, kg/sec * 0.4536 X LB/SEC 
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TABLE 5-1 (Continued) 


NODE 

MATRIX 

GAS 

GAS 

GAS 

GAS FLOW 

NO* 

TEMPERATURE 

TEMPERATURE 

DENS ITY 

PRESSURE 

RATE 



REGULAR 

PRINTOUTS 

, 


e = 360 ° 



DATE '3A OCT 73 

TTHE^R UIAAIOS 

TjKECsiC* 

) « 9(«MS*»0t 


4814 « 

COUNT (NC. lOP XAUCULATJONS) . 

M 

TWfHl 

Tevirr 

' -.'WtMj 


ROtN) 


DEb«R 

OSGtR 

tBH/Cf 

P8XA 

LBH/SEC 

-0 

<•.21173^.02 

6f3088t98t 

-3r54268n0l 


7,00781*03 

1 

4,74505*82 

6«7271260a 

5.12468if0t 

9,49060902 

7,27399.03 

1 

7,57897*62 

7*55420902 

4rS7666i>0l 

9,090139'62 

7,03a33«03 

3 

8,47988*82 

5 i 0 

4f 

■ - ■ -9,-4938flT82 

6,81921.03 

4 

9,39050*02 

9,3691,3902 

•3.'70218»01 

9,49303+02 

6f62439»03 

5 

1,03117*63 

1,02871903 

3.3S634-01 

9,49238*02 

6,44702.03 

6 

t;tg*91*03- 

TfT2859993~- 

3?OtO0^»6| 

M9166902 

a,'28833«03 

7 

l.'2i064*O3 

1.21838903 ■ 

;2*66480-Ot 

9,49084902 

•6.10709.03 

a 

1 ,3o426*03 

1*30400903 

;8.S1970«*0i 

-9,46990902 

6,02367.03 


t;39704*:03 " ' 

1 ,39087993 

1,97770*01 

—^08880902 

- '»-,-9t792.6S 


1,08222*03 

1.08022*03 

1.65640«Ul 

9,48748902 

5,82876.03 

u 

1,53361*03 

1.55232903^ 

1.06O36*O1 

'9,48671902 

5,78925.03 


NOTES: 1. TEMP, °K - “r/1.8 

2. DENSITY, kg/m^ « 16.02 X LB/FT^ 

3. PRESSURE, N/m^ » 6.895 X 10^ X PS I 
* 1 . FLOW, kg/sec » 0.4536 X LB/SEC 



AIRESEARCH MANUFACTURING COMPANY 
Los Ans«!es. California 


74 - 9896-1 

Page 5-9 





FRONTAL AREA = 0.00074lm^ (1.15 IN.^) 

L = 0.1112 m (4.375 IN.) 

PACKING IS 100 MESH STAINLESS STEEL SCREEN 
SPEED = 400 RPM 

MAXIMUM PRESSURE = 6.895 X 1oS/m^ (1000 PSIA) 
0*^ = TOP DEAD CENTER, COLD DISPLACER 
TEMP, °K = °R/1.8 

160 200 240 280 320 

:SHAFT ANGLE, DEGREES 


re Variation at Hot End of Hot Regenerator 


PRESSURE DROP, PS I 






0.006 


NOTES: 


FRONTAL AREA = 0. 000741 m (1.15 IN.‘) 

L = 0. 1112m (4.375 in.) 

PACKING IS 100 MESH STAINLESS STEEL SCREEN 
SPEED = 400 RPM g 2 

MAXIMUM PRESSURE = 6.895 X 10 N/m (100 PSIA) 
0° = TOP DEAD CENTER COLD DISPLACER 
FLOW, kg/sec = 0.4536 X LB/SEC 



CRANKSHAFT ANGLE, DEGREES 


Figure 5 - 3 . Hot End Flowrate of Hot Regenerator 




NOTES: 


1 . LOSS =• 




0.0010 


0.0008 


^ 0.0006 
O 


Sj 0*0004. 


0.0002 


2* FRONTAL AREA = 0. OOO 74 I m (1 .1 5 IN.) 

3. L ^ 0.1112m (4.375 in.) 

4. PACKING IS 100 MESH STAINLESS STEEL SCREEN 

5 . SPEED == 400 RPM 

6 2 

6. MAXIMUM PRESSURE = 6.895 X 1 0 N/m (1 000 PSIA). 

7. 0° = TOP DEAD CE^^■ER, COLD DISPLACER 

8. LOSS, JOULES = 1055X BTU 



120 160 200 2hO 

CRANKSHAFT ANGLE, DEGREES 


Figure 5”^. Hot Regenerator Thermal Loss per Cycl 
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COLD END HEAT EXCHANGER 
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SECTION 6 


COLD END HEAT EXCHANGER DESIGN 


INTRODUCTION 

The cold end heat exchanger transfers the refrigeration heat load from 
the cold finger of the VM refrigerator to the working fluid. The primary 
design criteria are: 

Minimum temperature difference between working fluid and refrigeration 
load— This is an extremely important consideration. Since the refrigera- 
tion temperature is fixed, the larger the temperature difference, the 
lower the working fluid temperature the refrigerator must produce with 
inherent decreased thermodynamic efficiencies. 

Low working fluid pressure drop — The heat exchanger must provide high 
thermal performance and still not impose excessive working fluid pressure 
drop on the system. The heat exchanger pressure drop subtracts directly 
from the cold expansion volume pressure variations, which produce the 
refrigeration. 

Low void or internal volume — Void volume at low temperatures significantly 
decreases the refrigeration capacity of VM refrigerators. An evaluation 
of this effect was presented in the Task I report (reference 3-1) and Is 
discussed under flow distributors elsewhere in this report. 

Flow distribution — Uniform flow within each element of the heat exchanger 
must occur. Potential problems here are twofold: nonuniform flow leads 

to (l) reduced heat exchanger conductance, and (2) fluidelements at 
different temperatures. Subsequent mixing of these elements results in 
entropy increase and reduces the thermodynamic efficiency of the refrig- 
erator. 

Heat exchanger interfaces — The cold end heat exchanger interfaces with 
the cold regenerator, the cold expansion volume, and the refrigeration 
heat load. These interface requirements control the heat exchanger con- 
figuration to some extent. The annular flow passages of the heat 
exchanger Interface with the cold regenerator through a perforated plate 
flow distributor and with the cold expansion volume through ports in the 
displaced volume dome. The interface with the refrigeration heat load 
is provided by means of an axial clamp and a high thermal conductivity 
(copper plating) heat path to the heat exchanger outer wall. 

DESIGN CONFIGURATION AND PERFORMANCE 

The cold-end heat exchanger has been changed in physical configuration 
from that of the preliminary design unit. However, the flow and heat transfer 
areas have been retained, and the performance is thus identical. The change 
involved reduction of the cold finger outer diameter, thus placing the heat 
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exchanger at the inner diameter of the cold regenerator, rather than the outer. 
The change was made primarily to reduce weight at the cold end; an additional 
benefit realized was reduction of the cold end void volume, A summary of cold 
end void volume is presented in Table 6-1. 

The cold heat exchanger is shown In Figure 6-1. Twelve axial slots are 
arranged in an annular configuration around the regenerator inner wall. This 
configuration, with the reduction In outer wall diameter at the cold end of 
the regenerator, eliminated the use of a relatively heavy filler block for the 
heat exchanger, and thus reduced the cantilevered weight and the void volume 
of the cold end. 

The cyclic flow enters (and exits) the heat exchanger from the cold 
expansion volume via ports at the outer diameter of the displacer bore. The 
working fluid traverses the axial slots and enters the radial distribution 
channels. The flow from the channels is distributed uniformly over the cold 
face of the regenerator by the perforated plate flow distributor. 


TABLE 6-1 

COLD END VOIR VOLUME BREAKDOWN 


Location of Volume 

3 3 

Volume, (in.'^) 

Displacer clearance at maximum stroke 

2.06 X 10"® ( 0 . 001257 ) 

Heat exchanger 

3.059 X 10 "^ (0.018665) 

Transition-heat exchanger to flow 

•n 

di stri butor 

1.461 X 10 ' ( 0 . 008917 ) 

Flow di stri butor 

7.907 X 10 "^ (0.004825) 

Total 

5.516 X 10 "^ (0.033664) 

To account for tolerance buildup, use 5.735 x 10~^ (0.035 in.^) 


AIRESEARCH MANUFACTURING COMPANY 
OF CALIFORNIA 


74 - 9896-1 

Page 6-2 





7^-9896- 

AIRESEARCH MANUFACTURING COMPANY Page 6"3 

OF CALIFORNIA 



COPPER 

PLATING 


FLOW 

TRANSISTOR 
PLATE 


FLOW 

REDISTRIBUTION 

PLATE 


GAS FLOW 
PATH 


PORTS TO 
- DISPLACED 
VOLUME 

AXIAL SLOTS 



REGENERATOR 

PACKING 


RADIAL 
DISTRIBUTION 
CHANNELS 


PACKING 

RETAINING 

SCREENS 


S-86223 


Figure 6-1. Schematic of Cold End Heat Exchanger 




The twelve flow channels are 0.00953n> (0.375 ifi.) long, and are rectangular 
in shape. The cross section of each channel is 0.001017 (0.04) x 0.002034m 
(0.08 in.), with the shorter side in the radial direction. This provides a 
minimum radial height and a maximum pt-lme surface for heat transfer. 

The average flow during the cyclic flow process is used for heat transfer 
performance evaluation. The total heat transfer conductance (T]hA) of the cold 
heat exchanger is 0.403 watts/°K (0.224 watts/ R) . At a heat load of 0.25 watts, 
the corresponding film temperature drop from the metal heat exchanger wall to 
the working fluid is 0.62rK (1.12°R). The pressure drop, evaluated at the 

2 

maximum flow rate of the cycle, is 94.5 N/m (0.0137 psi). 

The refrigeration heat load is mounted on a removable cop[jer end cap. 

This end cap is clamped to the cold end of the machine with spring loaded axial 
bolts, and indium foil is employed at the interface. The outer diameter of 
the cold end of the refrigerator is copper plated, in order to allow uniform 
heat distribution over the outer surface of the heat exchanger. Thus a minimum 
temperature drop from the refrigeration load to the heat exchanger wall is 
assured . 

COLD HEAT EXCHANGER ANALYSIS 

The analysis shown on the following pages was performed for an early con-' 
figuration of the cold end heat exchanger. The diameter of the cold end was 
subsequently reduced, and the flow slots for the heat exchanger located at the 
inner diameter of the cold regenerator. The number and size of the flow slots 
remained the same, and thus the analysis applies. The pressure drop of the 
reconfigured design is expected to be slightly lower than calculated here, and 
void volume is reduced significantly. 
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SECTION 7 


HOT END HEAT EXCHANGER DESIGN 


INTRODUCTION 

The hot-end heat exchanger transfers thermal energy to the working fluid 
of the VM refrigerator, thus providing the power input necessary to drive the 
system. Critical design criteria are similar to those of the cold heat exchange 
with emphasis on various parameters changed. 


Low working fluid pressure drop — As with the hot regenerator, low pressure 
drop is of prime importance in the hot end heat exchanger. This parameter 
directly affects drive motor power, and thus must be minimized. In 
addition, pressure drop reduces the cold end pressure fluctuations, and 
thus refrigeration capacity. The high fluid temperature, and thus low 
density, in the hot end heat exchanger requires that careful attention be 
paid to pressure drop. High fluid velocities occur for flow rates and 
cross-sectional areas similar to lower temperature portions of the machine. 

Low Film Temperature Drop— The maximum temperature of the heat exchanger 
wall is set by structural considerations. Thus a low film temperature 
drop allows a close working fluid approach to this maximum temperature. 

This in turn increases thermodynamic efficiency, which is a direct function 
of hot end gas temperature. 

Flow distribution — Non-uniform flow in the hot end heat exchanger must be 
avoided for the same reasons given for the cold end heat exchanger. 

Low void or internal volume — The hot end of the VM refrigerator is the 
least sensitive portion of the machine to void volume. This dependency, 
caused by the high operating temperature, is discussed in the task I 
report (Reference 3-1 ) • 

Heat exchanger i nterfaces— The hot heat exchanger provides working fluid 
transitions with both the hot displaced volume and the hot regenerator. 

The electrical heater, which provides the energy input to the system is 
bonded di rectly to the outer surface of the heat exchanger--pressure dome. 
The heat input is transferred directly to the working fluid from the heat 
exchanger walls. 

DESIGN CONFIGURATION AND PERFORMANCE 

The hot end heat exchanger was patterned after that used on the GSFC 5 
watt VM, with modifications that simplify the required manufacturing processes. 
The design configuration Is shown in Figure 7“1 . 
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Figure Schematic of Hot End Heat Exchanger 


ORIGINAL PAGE Th 
OF POOR QUALITY 




The working fluid enters and exits the heat exchanger at the hot displaced 
volume interface by a series of holes bored through the dome at a circle diameter 
corresponding to the hot end bearing support ring. The flow enters a total of 
64 square passages contained between the heat exchanger inner wall and the outer 
pressure dome. These passages direct the flow initially in a radially outward 
direction. The passages follow the pressure dome contour, until the flow emerges 
in an axial direction into transition slots that form the interface with the 
hot regenerator. 

The flow passages extend the full length of the heat exchanger, with no 
changes in cross-sectional area or number of slots. This configuration pro- 
vides adequate heat transfer and a very low pressure drop, which are the desired 
characteristics of the heat exchanger. The constant cross-sectional area slots 
are simpler to produce i n manufacture than intersecting ribs and variable flow 
cross-sectional area. 

Heat transfer to the working fluid is accomplished at both primary and 
secondary heat transfer surfaces. The primary surface consists of the portions 
of the outer pressure dome which form the boundaries of the slots. Heat is 
transferred directly to the working fluid from this surface. The secondary 
heat transfer surface is composed of the sides and inner walls of the flow 
passages. Heat is conducted from the other surface to these secondary surfaces, 
and then to the working fluid. The secondary surface is approximately 93 per- 
cent as effective as the primary surface. 

The heat transfer performance calculation is based on the average value 
of working fluid flow rate during the cycle, which is considered a conservative 
estimate. The flow passage length is less than 40 hydraulic diameters, which 
is generally too short for fully developed laminar flow to occur. However, 
under the further conservative assumption that fully developed laminar flow 
does occur, the total 7]hA of the hot heat exchanger is 6. 51 watts/°K (3»62 
watts/°R). This translates to a film temperature drop of 12.28°K (22.1 °R) at 
a total heat load of 80 watts. 

The pressure drop of the hot heat exchanger is calculated at the maximum 
working fluid flow rate during the cycle, and thus represents worst case con- 

2 

ditions. The pressure drop under these conditions is 1l79N/m (0.1 71 psi), 

which is considered an acceptable value. 
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SECT! ON 8 


AMBIENT SUMP HEAT EXCHANGER 


I NTRODUCTI ON 

The sump heat exchanger functions to transfer heat from the working fluid 
of the VM refrigerator for rejection from the system. The design criteria for 
this heat exchanger are similar to those of the cold- and hot-end heat exchange 
with changed emphasis on the various items. The preliminary design criteria 
consist of: 

• Low Working Fluid Pressure Drop — The heat exchanger must provide 
good thermal performance and yet not lead to an excessive pressure 
drop of the working fluid. As with the cold and hot end heat 
exchangers; the pressure drop subtracts from the pressure-volume 
variations in the cold expansion volume thereby reducing the 
refrigeration capacity. In addition, the pressure drop across the 
sump heat exchanger can have a significant affect on the drive motor 
power requirements unless this pressure drop is minimized. 

• Low Void or Internal Volume- -Void volumes reduce the refrigeration 
capacity of VM refrigerators by decreasing the pressure variations 
or pressure ratio; minimization of the heat exchanger internal void 
volume is therefore important. The relative importance of void 
volume in this heat exchanger as compared to other reqions of the 
machine is discussed in the Task 1 report (Reference 3~1). 


® Minimization of the Film Temperature Drop — The thermodynamic 

efficiency of the refrigerator increases as the temperature of the 
gas in the sump decreases. Minimization of the sump heat exchanger 
film temperature drop allows maximum performance for the fixed heat 
rejection and heat sink temperature. 

• Flow Distribution — Uniform flow within the heat exchanger is impor- 
tant for two reasons: (l) non-uniform flow leads to reduced conduc- 

tance of the heat exchanger and (2) non-uniform flow leads to fluid 
elements at different temperatures; subsequent mixing of these 
elements results In an increase in entropy and reduced thermodynamic 
efficiency of the refrigerator. 

® Heat Exchanger Interfaces — The sump heat exchanger must interface 
with both the hot and cold regenerators, fluid passages into the 
sump volume, and a cooling collar or clamp which provides the heat 
sink. 

DESIGN CONFIGURATION 

The configuration of the ambient sump heat exchanger is shown in Figure 
8-1. This configuration is a refinement of the design evolved for the GSFC 
5 watt VM and is unchanged from the preliminary design configuration. 
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The annular shaped heat exchanger is divided into two sections as shown, 
with both sections being identical in configuration except for length. The 
heat transfer surface of each section js formed by brazing an offset copper 
plate fin to the inside surface of the cylindrical section of the sump pressure 
vessel wall. The cylindrical sump filler block fits inside the plate fin 
thereby forming an annular passage forcing flow through the finned surface. At 
the right hand side (Figure 8-1), flow of the working fluid enters and exits 
Section 1 of the heat exchanger as It flows to and from the hot regenerator 
during the cyclic flow process. The average flow rate In this section of the 
heat exchanger is approximately 3 times that In Section 2; this accounts for 
the greater length (larger heat transfer surface) required for this section. 

At the other end of Section 1 of the heat exchanger, the flow enters and exits 
from a flow distribution passage cut into the sump filler block. This distri- 
bution passage or slot is supplied working fluid via ports that connect to the 
active cycle volumes in the crank case and behind the hot displacer as shown. 
The distribution slot is sized to provide uniform flow across the face of the 
heat exchanger. 

On the left hand side of Figure 8-1, flow enters and exits Section 2 of 
the heat exchanger as it flows to and from the cold regenerator. This section 
of the heat exchanger is pneumatically connected to the cold regenerator via 
the sump filler block (not shown in Figure 8-1) and the cold-end linear bear- 
ing support. The right hand end of this section of the heat exchanger inter- 
faces and shares the central flow distribution slot with the other section of 
the heat exchanger. 


The path for heat transfer from both sections of the heat exchanger is 
from the gas to the plate fin surface, from the finned surface through the 
pressure vessel wall and on into the aluminum sump cooling collar. Indium 
foil is placed between the sump pressure vessel and the cooling collar; this 
foil is maintained under a 100 psi interface pressure to ensure good thermal 
contact. Heat is finally rejected from the system to water cooling coils 
brazed into channels cut in the cooling collar. This collar is designed to allow 
interfacing of the refrigerator with water cooling coils or ammonia heat pipes 
interchangeably. 

HEAT EXCHANGER CHARACTERIZATION 

The rate of heat transfer for each section of sump heat exchanger can be 
expressed as: 

■Q = h(Ap + ll^Ap 5f (8-1) 
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where h - the average heat transfer coefficient 


Ap = basic area of the plate 
T|^ = fin effectiveness 
= fin area 

AT = average temperature difference between the working fluid and the 
heat transfer surface 

Referring to Figure 8-2 the following relations can be derived: 

Plate area 

Ap = (1 - N6)WL ' (8-2) 

where N = fins per inch 
W = plate width 
L = plate length 


Fin area 


A 


f 


|2N(b - 6) + f 




(8-3) 


Note: This neglects the fin area exposed between fin and the sump 

filler block — a conservative approach. 


Fin effectiveness 

Tanh (ML ) 


ML 


'^f = 


vrfiere M - \f-^ 


(8-4) 

(8-5) 


k =: fin material thermal conductivity and the fin length 
L^ is given by 



Flow cross sectional area 

A^ = j b - 6 (N(b - 5) + 1)j W 


(8-6) 


(8-7) 
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a. NOMENCLATURE FOR OFFSET FIN 


BRAZE 


SUMP PRESSURE VESSEL WALL 
(ACTUALLY CYLINDRICAL) 



'OFF SET FINS 


SUMP FILLER BLOCK 


b. INSTALLED PLATE-FIN SURFACE s- 

Figure8-2. Rectangular Offset Plate~Fin .VM Refrigerator 
Sump Heat Exchanger 
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Hydraulic diameter 



D.. - 


Performance characteristics unique to a 
generally presented as plots of Colburn's j 


( 8 - 8 ) 


given 

factor 


plate fin surface 


factor f as functlons’of R^^n^idrN^Ler: 


are 


j s 


J - 

P 


friction 
defined by: 

(8-9) 


where == gas heat capacity 
Pr = Prandtl number 



= flow rate 


Reynolds number is defined as 


Re = 


V 

1-1 


( 8 - 10 ) 

Figures 3 gives the Colburn j factor for the fin used in the 6SFC VM 
afo'S°m <r? ««h«n9er. This surface has 787 fins/m (20 fins/ in.), 

?aciCr ?or Jhts s F>9ure8-4 gives the friction 

IS surface. The pressure drop is then computed by use of 



( 8 - 11 ) 


where V = gas velocity 


P “ gas density 
9j. = gravitational constant 
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Figure 8-3. Colburn j Factor vs Reynolds Number for Sump 
Heat Exchanger Heat Transfer Surface 
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Figure 8-4, Fanning Friction Factor vs Reynolds Number for 
Sump Heat Exchanger Heat Transfer Surface 
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PERFORMANCE CHARACTERISTICS 


The sump heat exchanger performance characteristics are summarized in 
Table 8-1. The heat transfer performance is based on the average flow in each 
section of the heat exchanger. For the pressure drop, maximum flows were 
assumed. The lengths of the two sections of the heat exchanger have been 
chosen to produce a heat transfer conductance ratio in proportion to the ratio 
of flows in the two sections. The film temperature drop at a heat load of 
80 watts is 2.96°K (5.33°R). 


TABLE 8-1 

SUMP HEAT EXCHANGER DESIGN AND PERFORMANCE SUMMARY 


Parameter 

Section 1 

Section 2 

2 2 

Total Area, m (ft ) 

0. 01*475 (0.1588) 

0.00794 (0.0855) 

Maximum Flow, kg/sec (Ib/sec) 

0.00329 (0.00724) 

0.001237 (0.00272) 

Average Flow, kg/sec (ib/sec) 

0.00208 (0.00458) 

0.000764 (0.00168) 

Fin Effectiveness 

0.837 

0.884 

Fluid Temperature, °K (°R) 

344 (620) 

344 (620) 

2 0 

Heat Transfer Coefficient, watts/m - K 
(Btu/ft^ °R hr) 

1489 (262) 

991 (174.2) 

Conductance (TlhA) , watts/°K (watts/°R) 

19.71 (10.95) 

7.30 (4.06) 

2 

Pressure Drop, N/m (psi) 

429 (0.0623) 

52.7 (0.00765) 


Total for Sections 1 and 2 

Conductance (Tlha), watts/°K (watts/°R) 

27.01 

(15.01) 
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SECTION 9 


COLD END INSULATION 


I NTRODUCTI ON 

The cold end insulation functions to limit the heat transferred from the 
ambient atmosphere to the cryogenic cold end of the VM refrigerator. The 
insulation system analysis is somewhat unique as compared to the more common 
problem of insulating a constant temperature cryogenic heat sink from the con- 
stant temperature ambient heat source. The cold finger of the VM Is composed 
of two regions: (1) a constant temperature portion comprised of the cold end 
heat exchanger and the refrigeration load mounting surface and (2) the cold 
regenerator outer wall, which has a linear temperature gradient imposed on it. 

This linear gradient varies from the cold end temperature to the sump tempera- 
ture, which is above ambient temperature. 

in discussions between NASA/GSFC, Ai Research, and Honeywell Radiation 
Center (HRC) personnel, further characteristics of the cold end insulation 
scheme were agreed upon. Since the VM refrigerator Is a flight prototype machine, 
it is desirable to be able to evacuate the cold end vacuum enclosure and seal 
it off without the requirement for further pumping at a later date. This 
requirement thus dictated not only a leak tight enclosure, but also the use of 
materials which do not outgas with time under hard vacuum. Thus the use of the 
cryogenic superinsulations (aluminized mylar) was originally precluded, along 
with any other organic shield supported by fiberglass pads. 

A detailed analysis of the cold end heat leak with discrete metallic 
radiation shields was performed during the preliminary design effort (Reference 
1). An acceptable design was evolved which utilized two rhodium plated 
aluminum radiation shields. However, later studies showed that the shields 
would have to be shortened in order to install the HRC prov i ded lead ring matrix. 
A major percentage of the cold end was thus exposed to direct radiation from the 
ambient temperature outer cover. The resultant heat leak would be high; thus 
the use of aluminized mylar insulation was agreed upon by NASA, Ai Research, 
and HRC. This change represents one of the major differences between the 
preliminary design refrigerator and the final VM design. 

DESCRIPTION AND PERFORMANCE 

The entire outer diameter of the cold end of the VM is wrapped with NRC-2 
aluminized mylar superinsulation. The material will be wrapped at approximately 
60 layers per inch, and will fill the evacuated annulus. The method of 
installation and the material utilized are virtually identical to that of the 
GSFC 5 watt VM. 

The heat leak was calculated with the conservative assumption that the 
entire cold finger of the machine, including the regenerator, is at the cold 
end temperature. With this assumption, the calculated heat leak is 60 milli- 
watts, which represents a 13 milliwatt increase over that predicted for the 
discrete radiation shield approach of the preliminary design unit. 
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SECTION 10 


HOT END INSULATION 


INTRODUCTION 

The hot end insulation limits the heat transferred from the heater, the 
hot end pressure dome, and the hot regenerator outer wall to the ambient atmo- 
sphere surrounding the VM refrigerator. It is essential to limit this hot end 
loss to a minimum practical value, as heat loss in this manner is a direct 
loss of Input power. 

DESCRIPTION AND PERFORMANCE 

A composite insulation system utilizing fiberglass and Mln-K has been 
utilized, similar to that incorporated into the GSFC 5 watt VM. This type of 
insulation system is attractive for the fractional watt VM, since the heater is 
bonded directly to the hot end dome. The heater thus operates at essentially 
the hot end temperature, as compared to that on the 5 watt machine which 
transfers its energy by radiation. The insulation system has been designed so 
that the temperature at the interface between the Mln-K and the fiberglass is 
742°K 0335°R). 

This system Is unchanged from' the preliminary design configuration with 
the exception of length, and the calculated heat leak to ambient is 6.1 watts. 
This is compatible with the overall power input requirements for the fractional 
watt VM. The insulation system is shown on the outline drawl ng (Figure 2-1). 
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SECTION 11 


FLOW DISTRIBUTORS 


INTRODUCTION 

The prime Importance of obtaining uniform flow distribution through all 
heat transfer devices, both heat exchangers and regenerators, has been repeat- 
edly stressed throughout this report. Test results from the Ai Research I R6D 
VM refrigerator- revealed non-uniform flow in the cold end of the refrigerator. 
The configuration of the cold end of the Ai Research VM refrigerator (cold end 
heat exchanger, displacer, and cold regenerator) is very similar to that of the 
GSFC VM refrigerator. Initial tests on the A? Research refrigerator indicated 
an unbalance in flow in the cold end heat exchanger and low temperature end 
of the cold regenerator. To overcome this problem, a flow distributor was 
designed and installed in this refrigerator. As a result of' the successful 
testing of this flow distributor, the same basic design was incorporated into 
the GSFC 5 watt VM refrigerator. Similar devices are employed in the fractional 
watt machine, one at each end of the cold regenerator. 

. The flow distributors have been optimized for minimum loss of refrigeration 
by a method developed during the preliminary design effort. The optimization 
procedure will be summarized, and the application to the actual devices is 
then described. 


OPTIMIZATION PROCEDURES 

A flow distributor optimization procedure was developed utilizing the 
tradeoff factors determined during the Task I effort. Factors of prime 
importance affecting flow distributor design are the ratio of axial to circum- 
ferential pressure drop, the total pressure drop, and the void volume contri- 
bution to the machine. These factors are interrelated in such a manner that 
the combined effect on refrigeration is determined. This expression is then 
differentiated with respect to the axial dimension and set equal to zero. 

In this manner flow distributor dimensions are determined such that minimum 
loss of refrigeration occurs. 

In general, the dimensions of a flow distributor, such as that at the 
end of a regenerator, are fixed by the geometry of the VM, with the exception 
of the axial length. A sketch of a typical flow distributor (Figure 11-1) 
i 1 lustrates thi s. 

Thus the length, X, may be varied in order to obtain optimum performance. 
When the expression for overall refrigeration loss is differentiated,, set 
equal to zero, and solved for length, Equation 11-1 results. The reader is 
referred to Reference 1 for details of the derivation. 

2C k. 

y _ 1^ (11-1) 

^ " CJ<., 
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Figure 11-1, Typical Flow Distributor 

S-73895 

where 

= pressure drop trade factor, watts refrigeration lost/psi 

3 

Cj = void volume trade factor, watts refrigeration lost/in. 



K W^(N+1) 

— S 2 ’ ’*^f 

2g (D -D.)^ ^ 

^cp ' o r 


K « the total loss coefficient in the circumferential flow direction 
c 

W = appropriate mass flow rate 

N = ratio of axial to circumferential pressure drop 

g = gravitational constant 
c ® 

p = gas density 

Dq,D. = dimensions defined by Figure 11-1 
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The pressure drop and void volume trade factors, Ci and C2» were developed 
during the Task I effort by use of the VM ideal cycle computer program. Pres- 
sure drop subtracts directly from the pressure variations in the cold end, and 
thus the net refrigeration. Since volume variation must occur with the pres- 
sure variations in order to produce refrigeration, the void or non-cyclic volume 
also detracts from refrigeration. The relative magnitude of these effects is 
of prime importance in trading void volume against pressure drop in any given 
component. Table 11-1 presents the tradeoff factors utilized in optimization 
of the various components of the VM. These parameters are specific to the 
operating conditions and physical characteristics of the fractional watt VM. 

As shown in Table 11-1, the void volume trade factors are a function of 
temperature. This variation is plotted on Figure 11-2. This dependence 
occurs because the mass of gas contained in the volume is dependent on tem- 
perature. Since the working fluid, helium, is not a perfect gas at cryogenic 
temperatures, the product of compressibility and temperature is more representa- 
tive of the mass in a given volume. Figure 11-2 also presents the tradeoff 
factors of Table 11-1 as a function of ZT. A linear relationship is evident. 

Thus the tradeoff values could be reduced to a single constant for this parti- 
cular machine, which would then be modified by a temperature-compressi bi 1 i ty 
factor. The use of a plot such as Figure 11-2 is considered more simple when 
trade factors at various temperatures are desired. 


TABLE 11-1 

TRADEOFF PARAMETERS FOR 
FRACTIONAL WATT VM REFRIGERATOR 


Void Volume 

Location of 
Void Volume 

Temperature of 
Void Volume, °K (°R) 

Tradeoff Factor, 

AQ^/AV, watts/m (watts/cu in.) 

Cold end 

62.3 (112) 

1 .143 X 10^ (1 .875) 

Cold regenerator 

204 (366) 

0.380 X 10^ (0.623) 

Sump 

344 (620) 

0.232 X 10^ (0.380) 

Hot regenerator 

559 (1077.5) 

0.134 X 10^ (0.2194) 

Hot end 

853 (1535) 

0.935 X 10^ (0.1531) 

Pressure Drop Between Sump and Cold End 

Refrigeration Loss 

= 6.88 X 10 ^ watts/N/M^ (0.04738 watts/psi) 
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IDEAL REFRIGERATION TRADEOFF VALUE, WATT/CU IN, 



GAS TEMPERATURE AND ZT, °R 


S-77551 


Figure 11-2. Refrigeration Tradeoff Values as a 
Function of Void Volume Temperature 
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COLD END FLOW D1 STRl BUTOR 


The optimization procedure described above was applied to the cold end 
f low di stri butor. 

The cold regenerator fixes the inner and outer diameter of the annulus 
into which the distributor is installed at 0 . 01 O 78 m (0.424 in.) and 0.026 m 
(1.024 in.) respectively. Thus, allowing O.OOO 508 m (0.020 in.) thick walls 
on the distributor, Dj = O.OII 78 m (0.464 In.) and Dq = 0.0250 m (0.984 in.) 
(See Figure 11-1 for nomenclature). From the proceeding section, = 0.000379 

m 2 ( 0.587 in.2). 

The axial to circumferential pressure drop ratio (N) is chosen as 15» and 
the total loss coefficient In the circumferential direction (K^) is taken as 
5 . 0 . The maximum gas flow rate at the cold end of the cold regenerator is 
reduced by a factor of 12, since there are 12 flow slots in the heat exchanger. 
Substitution of these values yields = 0.00000276 kgf (0,00000608 Ibf). From 
the preceding section, the voi d volume trade factor at the cold end of the 
machine (C^) is 1.143 x 10^ watts/m^ (1.875 watts/in.’) and the pressure drop 

tradeoff factor (C ) is 6.88 x 10~^ watts/N/ni^ (0. 04738 watts/psl). Sub- 
stitution of these values into Equation 11-1 yields 


■2 C, K, - 

1/3 



2 X 0.04738 watts x 0 . 00000 608 Ibf 

C2 


Ibf/in.^ 0.587 in.^ x 1.875 watts/in. ^ 


= 0.000205 m ( 0.00806 in.) 


Thus the optimum annular flow length for the cold flow distributor is 
slightly greater than 0.000203 m (O.OO 8 in.). The total pressure drop for the 

2 

flow distributor Is obtained as 645 N/*ri (0.0936 psi ) and the refrigeration 
loss due to this pressure drop is 4*43 milliwatts. The associated void volume 

in 7.69 X 10"^m^ (0.00470 in. ^) and the refrigeration loss is 8.8l mw. Thus 
the total refrigeration loss associated with the optimized flow distributor 
is approximately 13*2 mw. 

The circumferential pressure drop is obtained by dividing the total pres- 
sure drop by (N + 1). ThusAP^ = 40.3 N/m^ (O.OO 585 psI) and the axial holes 

must be sized to yield a pressure drop of 605 N/m^ (O.O 877 psi). If eighty^ 
axial holes are chosen as a reasonable number from manufacturing considerations, 
and a loss coefficient of 1.5 velocity heads is assumed, the resulting hole 
size is 0.000269 m (0.01 06 in.) diameter. A nominal value of 0.000254 m 
(0.010 in.) was used to ensure against tolerances that would make the pressure 
drops too low and thereby al low mal distribution. 
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COLD REGENERATOR FLOW Di STRI BUTOR 


A flow distributor is also utilized at the sump end of the cold regenerator, 
and performs the same function as the' one at the cold end. The sump end dis- 
tributor acts as a further safeguard against maldistribution, since a distri- 
bution slot is employed in the bearing housing. Thus by using two devices, 
each capable of providing uniform flow, no maldistribution will occur. 

The optimization procedure described previously was also applied to the 
cold regenerator flow distributor. The void volume trade factor at the sump 
temperature was utilized. Since the detrimental effects of void volume at 
the sump temperature are not as great as at the cold end, the axial dimension 
that results from the analysis is greater than that at the cold end. Thus the 
minimum loss of refrigeration occurs with a larger void volume and lower pres- 
sure drop. 

The axial dimension, X, for this flow distributor is 0.000457 nn (0.018 in.). 
The axial hole pattern with 80 holes is retained, and the hole diameter is 
0.000584m (Q.023 in.). The total (axial plus circumferential) pressure drop 

is 300.6 N/m (0.0436 psi), and the corresponding refrigeration loss is 2.06 mw. 

The dead volume is I .78 x 10 m (O.OIO 87 in. ) which causes a refrigeration 
loss of 4.13 mw. The total refrigeration loss of the optimized flow distribu- 
tor at the sump end of the cold regenerator is approximately 6.2 mw. 
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SECTION 12 


FLOW PASSAGE PRESSURE DROP, VOID VOLUME, AND FLOW DISTRIBUTION 


INTRODUCTION 

In the sump region of the refrigerator, three porting systems are pro- 
vided which pneumatically connect (1) the cold regenerator to the sump heat 
exchanger, (2) the hot regenerator to the sump heat exchanger, and (3) the 
sump heat exchanger, and (3) the sump heat exchanger to the active sump 
volumes. Pressure drop and void volumes are important considerations in each 
of these systems of passages, with different emphasis on each in the various 
areas. 

METHOD OF ANALYSIS 

Cold Regenerator to Sump Heat Exchanger 

This system of passages consists of axial slots in the outer diameter of 
the cold-end bearing support and a controlled gap between the sump filler block 
and the pressure vessel housing. The bearing housing, shown schematically in 
Figure 12-1, includes a flow distribution slot in order to assure uniform 
flow to the cold regenerator. The sump filler block-pressure vessel arrange- 
ment is shown schematically in Figure 12-2. A uniform gap is provided between 
the filler block and the housing in the cylindrical portion. In the hemis- 
pherical portion, the gap varies inversely with the diameter such that a con- 
stant flow area is provided. 


The bearing support slots were analyzed using a- graphical optimization 
method. Some basic assumptions were first made concerning the relative pressure 
drops of the axial slots and the distribution slot. It was then possible to 
calculate the total dead volume and pressure drop for a given axial slot width. 
Making use of the pressure drop and void volume tradeoff factors, the refrigera- 
tion loss is calculated as a function of slot width. When the results are 
plotted over a range of slot width, a minimum loss of refrigeration is obtained. 
Thus, although an exact analytical expression is not obtained, the bearing 
support flow slots and distribution slot are. optlmi zed with respect to mini- 
mum refrigeration loss. 

A similar procedure is utilized for the sump filler block. The pressure 
drop and void volume are calculated over a range of gaps between the filler 
block and housing. Using the appropriate trade factors, a total loss of refrig- 
eration is calculated for each gap. When the results are plotted, a minimum 
refrigeration loss is clearly evident. 

Hot Regenerator to Sump Heat Exchanger 

The approach taken here was similar to that utilized for the GSFC 5 watt 
VM refrigerator (Reference 4), and differs from the cold end analysis. Pres- 
sure drop is of prime importance in any of the passages that connect the hot and 
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Figure 12-1. Bearing Support Flow Passages 



AIRESEARCH MANUFACTURING COMPANY 
OF CALIFORNIA 


74-9896-1 

Page 12-2 








ambient ends of the hot displacer because of the large effect on motor power. 
Thus, in the region between the hot regenerator and sump heat exchanger, a very 
low pressure drop was provided, consistent with flow distribution and void vol- 
ume considerations. 

Sump Heat Exchanger to Active Sump Volumes 

The flow passages in this region are shown schematically on Figure 8-1. 
Pressure drop and flow distribution in the sump heat exchanger are the items 
of primary importance in this region. Void volume is of secondary importance, 
since the primary concern is the effect of pressure drop on motor power. 

The distribution slot between two sections of the sump heat exchanger was 
sized using the analysis developed for the GSFC 5 watt refrigerator. Since 
the pressure drop of the sump heat exchanger is a fixed value, the distri- 
bution slot is sized to provide a pressure drop of approximately one tenth 
that of the sump heat exchanger. 

The ports from the distribution slot to the ambient end of the hot dis- 
placer are also sized to provide a very low pressure drop. Again, motor power 
is of primary importance. 

The ports from the sump heat exchanger flow distribution slot to the 
crankcase region are sized to provide a pressure drop equivalent to that of the 
hot displacer ports. This approach was taken to provide equal pressures on the 
wrist pin retainer and sump end of the hot displacer. Thus, the overall pres- 
sure drop across the hot displacer also acts over equal areas. The clearance 
between the cold displacer wrist pin housing and the bearing retainer was 
sized using the graphical optimization procedure, because pressure drop across 
the cold displacer does not drastically affect motor power. 


ANALYSIS AND DESIGN CONFIGURATION 
Cold Regenerator to Sump Heat Exchanger 

The analysis in this region consists of two parts, the ambient bearing 
support for the cold displacer and the sump filler block. Each will be dis- 
cussed separately. 

The physical dimensions of the refrigerator dictate certain characteristics 
of the bearing support. The outer diameter Is fixed, as Is the maximum practi- 
cal slot depth. The number of slots chosen is 16; a practical value due to 
manufacturing considerations. The assumptions concerning, the distribution slot - 
are the same as those of the GSFC 5 watt VM; i.e. , one sixth of the flow'must 
be distributed around one half of the circumference with a pressure drop equal 
to 1/20 of the axial value. 

The first step in the analysis Is to calculate distribution slot pressure 
drop over a range of .slot widths. The pressure drop was calculated using the 
assumptions listed above, and the results are presented in Figure 12-3. This data 
is used in the following manner; for each axial slot width investigated, the 
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pressure drop is calculated. This value is then divided by 20 to yield the 
required pressure drop of the distribution slot. Figure 12-3 Is then utilized 
to determine the distribution slot width required. The total volume and pres- 
sure drop of the combined axial and distribution slots are then calculated and 
converted to refrigeration loss by use of the tradeoff factors presented pre- 
viously In this report. 

The resultant total refrigeration lost is then available as a function of 
axial slot width. A plot of these data, Figure 12-4, yields the slot width 
which provides optimum performance. As shown in Figure 12-4, the optimum slot 
width is 0.000762m (0.030 in.). The distribution slot width is 0.003175m 

2 

{0.125 in.); the corresponding combined pressure drop is 27O8 N/m (0.39 psi) 
and the total dead volume is 1.81 x 1 0”^m^ (0.1106 in.^). 

The sump filler block to pressure vessel housing was analyzed in a manner 
similar to that described above. Flow around the filler block is divided into 
two regions; (1) the cylindrical portion that extends from the sump heat 
exchanger past the crankshaft and (2) the hemispherical region that extends from- 
the cylindrical portion to the interface with the bearing housing. The flow 
area was held constant over both regions. This results in a constant gap 
in region 1 and a gap that varies linearly in region 2. The linear variation 
is such that the cross-sectional area at the smallest diameter (intersection 
with the bearing housing) and at the largest diameter (sump diameter) are equal. 

The pressure drops and void volumes for a range of cylindrical gaps were 
calculated, and converted to the corresponding total loss in refrigeration. 

The results are presented in Figure 12-5. The refrigeration loss is plotted 
as a function of the annular gap in the cylindrical portion of the VM sump. 

Each of these gaps has a unique associated tapering gap in th^heml spheri cal 

-4 

region. The minimum refrigeration loss occurs at a gap of I.905 x 10 m 
(0.0075 in.). This cylindrical gap, and the corresponding taper in the hemis- 
pherical region have been incorporated in the design of the fractional watt VM. 


The flow passages in this portion of the VM sump and the flow distributors 
described previously have been optimized to yield minimum refrigeration 
loss. The resulting pressure drops in all components have resulted in an 
overall pressure drop from the sump to the cold end which are slightly higher 
than originally allocated in the preliminary design. The overall pressure drop 
was used in the ideal cycle analysis, and in the dynamic analysis. The motor 
power requirement is within acceptable limits when the increased cold end pres- 
sure drop is considered. Thus the one parameter not considered in the optimiza- 
tion procedure, the effect of cold end pressure drop on motor power, is not 
adversely affected. 

Hot Regenerator to Sump Heat Exchanger 

As discussed previously, the primary concern in this region of the VM 
sump is pressure drop. The components that will be considered are: the hot 

regenerator retainer; the mounting flange of the sump filler block; and the 
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Figure 12-4. Bearing Support Flow Passage Width vs Refrigeration Loss 
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Figure 12-5. Refrigeration Loss as a Function of Angular 
Gap of Sump Filler Block 
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transition slot between the mounting flange arid the sump heat exchanger. The 
flow passages in the first two components consist of a series of holes in a 
circular pattern. The interconnecting passage is an annular slot, whose flow 
area may be easily varied by changing the filler block diameter. The arrange- 
ment of these components is shown on the layout drawing. Figure 2-1. 

The, hot regenerator retainer is provided with forty eight holes, 0.001 59ni 
(0.0625 in.) in diameter. The pressure drop through the holes at maximum flow 
is 38.39 N/m^ (0*00557 psi), which is considered an acceptable value. The 
sump filler block mounting flange is provided with an identical set of holes. 
Thus the pressure drop Is also identical to that of the hot regenerator 
retai ner. 

The radial dimension of the slot between the filler block mounting flange 
and the sump heat exchanger was set to provide a. total flow area equal to that 
of the axial holes in the other two components. Since the pressure drop Is 
caused primarily by shock loss (expansion and contraction losses), the pres- 
sure drop is nearly identical to that of the axial holes. 

The pressure drops of these three components are a very small contribution 
to the overall value between the hot and ambient ends of the hot displacer. 

Thus the designs are considered adequate. 

Sump Heat Exchanger to Active Sump Volumes 

The flow passages in this area are composed of four separate elements: 

(1 ) the sump heat exchanger flow distribution slot, (2) ports to the back side 
of the hot displacer, (3) ports to the crankcase region of the machine and 
(4) an annular passage interconnecting the two ends of the cold wrist pin 
housing. These porting system elements will be discussed separately below. 

1 * Sump Heat Exchanger Distribution Slot 

The sump heat exchanger distribution slot analysis was performed in the 
same manner as the procedure developed for the GSFC 5 watt VM (Reference 4). 

The model is shown in Figure 12-6, and is predicted on the assumptions of 
uniform distribution of the total flow between the sump ports and zero 
circumferential flow at the midpoint between ports. As the flow progresses 
from a given sump port, the flow rate in the slot decreases due to flow into 
the sump heat exchanger. Thus a turbulent and a laminar region may exist. 

The total pressure drop is therefore composed of a turbulent and a laminar 
contribution. The final expression for circumferential pressure drop is given 
by equation 12-1. 
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where : 

AP . = Pressure drop in the circumferential direction 

c I r 

q *= Gravitational constant 

c 

P = Fluid density 

li = Fluid vis cos ity 

= Flow rate from one sump port 

= Slot flow area in circumferential direction 

F 

= Slot hydraulic diameter 

L = Distance to midpoint between ports (Figure 3-36) 

X, = Distance from port where transition to laminar flow 
occurs 

K = A constant between 13 and 2l», depending on slot geometry 
The development of Equation 12-1 is given' In Reference 4. 
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Manufacturt ng considerations set the distribution slot width at 0. 00508m 
(0.2 in). The variable dimension is the slot depth. The total effective depth 
is the sum of the fin height and slot dimension; thus the calculations are 
based on slot depth plus 7.62 x 1 0"^m (0.03 in.). The pressure drop in the 
circumferential direction was calculated for a series of slot depths. The 
pressure drop of section 2 of the sump heat exchanger is 9.^7 times that of a 
slot with a depth of 0.00127m (0.05 in.). This is considered adequate to 
distribute the flow uniformly over the heat exchanger inlet face. When compared 
to section 1 of the sump heat exchanger, the ratio of pressure drops i s 77 to 

1. The void volume of the slot is 1.93 x lO’^m^ (0.118 in. 3), which is con- 
sidered an acceptable value. 

2. Ports to Ambient End of Hot Displacer 

The design procedure for these ports is a straightforward procedure; 
however, the selection of the final design involves engineering judgement 
concerning the allowable pressure drop (effect on motor power). A very low 
pressure drop involves the introduction of relatively large void volume. The 
number and size of ports selected yield a pressure drop and void volume consis- 
tent with the overall design goals of the VM. 

The number of ports was selected somewhat arbitrarily as six. This was 
the number of ports utilized in the GSFC 5 watt VM, and results in reasonable 
flow lengths between ports in the sump heat exchanger distribution slot. The 
port diameter selected was 0,004l91m (0.165 in.). The void volume is 
3.67 X 10"®m3 (0.224 in. 3), and the pressure drop is 301 . 3 N/M^ (0.o437 psi). 
These values are consistent with the overall design goals, and are considered 
acceptable. 

3 . Ports to Crankcase Region 

In considering the ports to the crankcase region, the use of maximum 
sump flow for port design is overly conservative, since the major portion of 
the flow enters the ambient end of the hot displacer. Only a small fraction 
of the gas flows to and from the crankcase region. Thus the first step is 
establishing the sump flow rate. The method follows that of the GSFC 5 watt 
VM, Reference 4. The flow rate is expressed as the differentiated form of 
the perfect gas equation with respect to time. 
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Pressure 

Compressibility of working fluid 
Gas constant of working fluid 
Temperature of sump region (constant) 

Crankcase volume, function of angular position 

Rate of change of crankcase volume 
Rate of change of cycle pressure 


The crankcase volume and thus its derivative may be expressed in terms of 
the geometry of the machine. For the fractional watt VM, the appropriate 
expressions are: 

V^ = 1.6A36 -.1564 sin (e-10.17°) (12-3) 

dV 

■^ = .1564 cos (0-10.17°) (12-4) 


Substitution of equations 12-3, 12-4, and the appropriate constants into 
equation 12-2 yields the expression for flow rate into the crankcase region 
of the fractional watt VM. 


W= 1.455 X 10"^ j[-0.1564P cos(e-10.17°0] + [l.644 - 0.1564 sin(9-1 0.17°)] 


(12-5) 
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Equation 12-5 is evaluated over a complete crankshaft revolution utilizing 
the pressure and pressure derivative evaluated from the ideal cycle program print- 
out (Figure 3-1). The results are presented in Figure 12-7. The maximum 
absolute value of flowrate, 0,000514 kg/sec (0.00113 Ib/sec) is used to size 
the ports to the crankcase region. 

The port arrangement chosen consists of four holes, 0.001 905 m (0.075 
in.) in diameter, extending from the sump heat exchanger distribution slot 
to the inboard end of the hot displacer bearing assembly. A relief groove 
provided at that point allows the flow to enter the crankcase region. The 
void volume of the porting system i s 1 .33 x 1 0~6 (0.0812 in.3) and the 

pressure drop is 256 N/M^ (0.0372 psi). This pressure drop value is nearly 
equivalent to that of the ports from the heat exchanger slot to the ambient 
end of the hot displacer. Thus the pressure in all portions of the sump will 
be nearly equal. 

Cold Wrist Pin Housing 

As the cold displacer moves in a reciprocating motion, the working fluid 
must be free to flow to and from the cavity at the outboard end of the wrist 
pin housing. The required flow passage is provided by a controlled annular gap 
between the wrist pin retainer and the cold-end bearing housing. The flow 
rate to this volume is first determined in a manner similar to the crankcase 
flow. The procedure of evaluating the differentiated perfect gas equation is 
followed. Upon substitution of the constants and expressions for volume and 
volume derivative, the following equation for flowrate is obtained. 

W = 1.455 X 10“^ [0.007845P sin e + (O.O8596 - O.07845 cos e) (12-6) 

Equation 12-6 plotted for a full crankshaft revolution is shown on Figure 
12-8 Th^maxlmum absolute value of flow rate obtained from this figure is 
5.18 X 10“^ kg/sec (0.00114 Ib/sec), which is used in the design calculations 
for the required clearance between the bearing housing and wrist pin retainer. 

Having determined the flowrate to be utilized for designs, the graphical 
optimization procedure is used in calculating the required flow passage 
dimensions. The pressure drop and void volume were calculated for a range of 
annular gaps between the bearing housing and wrist pin retainer. Utilizing 
the appropriate trade factors, a total refrigeration loss was determined for 
each gap size. The results are presented in Figure 12-9, which indicates an 
optimum flow passage at a gap of 2.54 x 10“^ (0.01 in.). The pressure drop of 
this passage is 368N/M^ (0.0534 psi) and the void volume is 3.376 x lO'^M^ 

(0.0206 in.’). The optimum design Indicated by figure 12-9 has been incorp- 
orated in the design of the fractional watt VM. 


AIRESEARCH MANUFACTURING COMPANY 
OF CALIFORNIA 


74-9896-1 

Page 12-14 







180 200 220 IkO 260 280 300 320 3 k 0 360 

1 POSITION, DEGREES 


ow Rate, Cold Displacer 







5 


0.02 


0.025 


•ARANCE PER SIDE, INCHES 


S'85036 


imization of Gap Between Cold Wrist 
Housing and Bearing Housing Bore 


74-9896-1 
Page 12-17 




-f / cL 

F-lt)<o ^ jd>Ts a fjd p/sTt i J)(jT/''o 5'/o~T’ 






I 3l<^(5 ih ^ l\^ <=> a t d tCL/h ^ CJ f rlj^ 

^<^ld 5 "«Mr^ 7 ^c?rT <^<=^fd h ^ ^ J 

I ^ } L '■^ 5 C^ JP I d>^ , i 1] I lo piicPr ^io^5 


T"c? H J 

^i-o 

w^T/i-^- ^*1 J T^Lxrx> 


T 

^ /^Tjs 

\ h c/-e. i~ ^ t -* 2 -<x-c ^ 7^/7 -h2, 3 

k-e.t.-cT' 


Cl, J ^ < P'l' 

k<^r 


loa d 7 ~ c? r: w^ a,r-^ I'-^-hy I hT^/--^i/i(/ th, 

j^<t-o i,-( d I ^ '^lo t<J - 'To- Pk-Z. Co/(/ /- -C^-C-o/ « /-« 

*c^/ // !<cT1c> t-v -e. /'^y'. ^/<7c_4_ yno.( Ji.^ ft;^i>)^J 

-f( Oio' l4-\a.y t-y\ JL 'f-J-O l*\. Tlj-<^ 5cn-ytJP /— e^rc»;n. c? ;P 

lo* ^ ^ yC? c] ^ c^ 'P J ts 7p| ^c// 

TA-«- 'P /o -n-c^t^aU^ 1)0^^ <^(7 cc x/« / sfaTs. ^'UiS 

'fVn.c / (S yiP -e-/- 'f'o>'»«-e (/ *- c I f-cotn'T-e./' ( 5/^7 

toiTU. o. h^o yC7/-e 5 ?£->>"«, c/VoyO C.OVnj7ci f-^. d 7~<9 Tk-e. ‘i-K('^( 

"N 

5^r5-. Tu <^ i h^u f 4 s!o T~ a c- Is 

«-c^<yy7 c/-€i^ic~^ / <> /"A-^ ■^Is't^ d.tsVf'/ I’c.faf' k 

\S pr:ot/\^^d <s<-7~ ~TA-«. 7”A-e i/'-*^-«. n •€-<''« Z®/* • 

Tlie. Tf~] 5/«7~ tc^; <^-e- 5/2-eJ o-iln^ Tk-e. 


AIRESEARCH MANUFACTURING COMPANY ' 
OF CALIFORNIA i 


74 - 9896-1 

Page U-18 



original Pagp tq 

0 ^ POOR QUalhy 




c*-S 'f'lt-e 5 ^ u^aTl~ I^M'i ^ 

yt T«.n.( -f/c «} kPfi^^~T~ h^ J. I ^1^^} 1^0* / ^ J, fXf-0^/\ J ‘A 

^ I'll-*- ^ Ih Cv ' m & mc e> "f • f~Ct-^ S~iM / 1 ^ f ' 7"4 

cl/o L’!'-^ y 7/^ '£•$5 ^>-«- d Ire? ^ 'J~<^ CL c Ca t>*\ ^ (} -t> ^ 7 "^i 5 
Lo* ( 1 / h~^ j/scj o-P yU-i. ^’^K<rct( 

SUTs . 

Y ^ heSy l<y l)y c^ 5 -^ oJ^ T lo 

__ A jr/a ( 

jP<^ ^Ci tm -<J^irS L ^ c, S I Cc-' } 1 1 cl 

C>HLJu^ Ahoj? U 0 I 0 PP 7 UL ^ tyihK^ 

O^ c/^-c^ c/h^ jp^c*r^ fs c^ /to 

c^yiiyo^ d / 1€> ^ s/<^T t ^ -t d ^ 

C^X^ccl S /c^Y 57 2 'e //^ J-<L f tA 7 -e^s yCV-e 5 : 5 o/--^, d <z^ <i_ 

d ic^Py\ Udi\ CO ^ Y^lr -e '(T c^ >- 4 , -e h^l c/ 

/(>^ Cc ^ t L ^ -^f'cCF / 05 S !q\^ t^ 5 <- Tt-«^ cZ-c.of'f 

4 -"^ l~tt '5 1 ^ c/o^-t 'J'o^.cx, h(cn^^ c^ ^ 'S/cjT^ S i S, 


J 


(^yr I iri d cf ^ >^-e ^ ^ J>~^ C>y t J t'l [ 

a-^^cPM-eTTlry 0.(1 i Anct»ro -Po-c 7" ^ Co H-5/V-eM'/ii 


<t Anct»ro >o.c f ^ 

of- T(i -«- h <^f-\. 5’«^y?y^'»/’7 I ‘7 J i'cclT'^ 7~kciT~ 0L%/d( 

^loTs C7, O^ /^. Cr? (m p iris' -.^ ct.- P'-~^J!L'S><^ (> I ■'Q-^ 


oy^ 


AIRESEARCH MANUFACTURING COMPANY I 
OF CALIFORNIA I 


74-9896-1 

Page 12-19 



n ^ CL -e /^-e ^t^ 7 "/t Tk<. 5 /c^r^ 

(S 3.^ 

Sl^jz^ 15 Tk p^-e 

d O'f T^t^ C l ^ C c^ ^n 'p^'€ h -e 77^?, / c/ isT^^/ 77o*^ 5'/=»7~ ‘•^-5 

o4^ ^ic/T'/a. Tla'c5 ^lll cxlfocc^ 

p \ i h hi i sfc>y^ dT(^ 

O. ^il>'<f^ <X ^/OL ( p ^ -<Z S J iJ t 4 }-opx 

c^ppi^phl^sej^ ^lo^ T^7«-/ 

^ 00 ^: 2 ^ ^.ac>oC^S 3 

oc^c^X^S' \h/iT~^-^ 


->-& O . 


L~.5rVTD^ - &')c'^ i.o =- IS7^ ^L^C- 

f?^=r- <^P<iA= -A,>*>- 


55^ 


=* i^- 

/2.x 

U/}T^ S.ih 5 U. O 

Ph t*\ » ^ 4 ’<=^ 

« 

f lijR -e^ /n /7t^(n<L/' •p"(<5>«^ -p * '\~('i'l7tjl-4.Sj~ ffatc2 

AP=: 4 - 4 : 1 //?^ //// 
i/f^x (^y^. 



AIRESEARCH MANUFACTURING COMPANY 
OF CALIFORNIA 


ORIGINAL ?AGE I& 
OF FOOK QUALirY 


74 - 9896-1 
Page 12-20 



^\oX 



'iH, ■ 

Pj, 

P-e, 

-P 

AX-i-jPv, 


u-jn 

1 h 

f‘r" 


P5-. 

1 kJ. 



Fo, 

,0 2 -iT 


5^. /? 


(?. A 539 

lOOQO 

,odS</- 

^ T^'4- 


.oX 

.OCcC'tTj^ 

- C.o? 

0.t^7 

0 . 05 ' 

7S~9^ 

. 00 y 0 7- 

1 fbC. 

.'4f^7 

. I 

oc v'o i4-7J 

'' 5. oS" 

0.0 3/^ 

<?-<=“C«S7 

3c>2.<3 



. o^^4<7 

a 

- 

£ -^^4- 

o.oo 79 L 

0 <?g^ 

Jo<r<r> 

•o(!3 

.•^7 

<?C' 1 </^ 


.od>o lo 4 -X 

4.5^7 

O Oo3i73 

o.cfS~7 

^ 1^0 

.<^ 1 x 3 

■3o\ 

^'0 ?l3 

. 4- 

. c-o<Ji3S^ 

3.^/' 

^ . ^ol7?3 

0 

!((>Gk 

7>- 

f 1^0 

, 002 ^ 4 - 

. c. 

. d>c-o:io^3 

^■I7f 

a.odd>^ 

0 .^ 93 ^ 

Hb'f 

rO J.<X^ 

1 IQ3 

1 OC744--' 


^ <=l*'><£ 

H c( Oy\ 'fc» Ir ^foto tct t c^( tsC ola^ ri-e ^5 , 'T^ <3 ^ -e. 

A >e/- T^Act^ ’T" ^ £ 2 CL ^ ^ 


Ci^cfu^ Z^ycp^S a ^ 

txc. { f<? 0 '(- S /c^y~ Uy) d-T^ O y~(^-<. Li ^ ydr ' 

yUt.^ Lcf) l( h-i. ^o r /-ry^/d d -e-Tys. (' M t •^ot-'/To->-t_ 

O 'p Z' e-y*>-//-e <l “ylc^ T Uy'i d TU.. 

HocO Ci^ Uy'iil d <i 7~^-C ^Y-L<^ { rs. . 

J^h T> 'f't-lcf /oMa ( J^/'^3^<yr ^ P^^pj ^/// 

3 4 /^ [oalY^ ll'-^ds (<^Pr c/o-«- 7^0 *< S r C ri X 

d Cj£> y\ TVct c T~f o#^. Tl^f 4 - Co^.sy , 1^2. l/-e f<=^ct'T^ 

L ct d,^ to dT" cil' y~lf -e. d^^Tt/doj7{>*n 5 ^ (o 7 Cihd ! /^ adf 


AtRESEARCH MANUFACTURING COMPANY 
OF CALIFORNIA 


ORIGINAL PAGE IS 
OF POOR QUALl'TXi 


74 - 9896-1 

Page 12-21 




Vh*>p cJ<P Oi^'n-t *S/oT~ 




i^iiiiiigM§ii§iiiiiii5===~=i==Eiss^ 




JisiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiliiiiiPMII 

j|i^^||pgip||g||||n|g||U|i^qil|gg^|||^ 

liSSSS^SiSMs^lBSs^SBSsMiSSsaBHSSSSiHH ^S SSifilWB 


I »■ HiMmm MiSS&Si MiiiM MM 

■mmmmiimmm mm mmm mm 


■MllMHHMB 


MMMMMMMM MMMMMMMMMMMMMMM MMMMMM 

mmmmmmKmmwmhmmmmmmmmmwmmmmmmm 

SSSSSmSSSmSSS ■■■■■■■■■■■■■■■ s 


aBsiissSissSsBBiiBssiBBl 

■uSSSSSShSBS&SSBS^SbI 

■MBBBfiBBBwiBBBiii 


— 

■BHBi»SBKHass»ss 8 SHS 8 :::s:ss»s 5 ssnHSBB^ 








IkhmMMMMMiVMM 

Immmmmmmhibhb 








i==igii 






■ ■■■■WMMMMMMiVMMMB 


■ m MM MI IBWMW I 
■mBmmmhmmmmI 

8 MMM MM MMM M M M M M MMMMM M MMMM I 
MMM MMMMM MMMM M M M gMjgggMM g I 


8 SSSa 88 H 88889 k^SS 8 B 8 SaB 888 L 


88888888888881818888888888888 ! 








■ HVHH MMMMM MMMMMMKHI 

S MMMMMMMMMMMMMMMMI 
MMM MMMMM MMMMMMMM 
mmm MMMMM MMMMM MMMI 






B MMM MMM MM MMM MM MMMMM I 

MMMM MMMM MMMM MM |r 

■MMMMMMMM MMM MM ■ 




EssssSisss 

■ MMMM MMMM M 

l■BBBBBBBBB S, 

- 

Ibbbbihhbbbmh 




MMMMIMMMMMMMMMMMMSBW MMB 


IllllllfllflBBBIlllUlllUliniBIIIMIUBIHBIlBIBBflBIBBBIlifllllflll 


[■■uii 

[uIbBi 


AIRESEARCH MANUFACTURING COMPANY 
^ OF CALIFORNIA 





O^GINal page is 
^OOR QUALJT? 


d Vi iL “Cy./ 7^ L(^]([ 'i^lT ^ 



Tm ^}-c 'r^<- cit-(L ^a 7T 


-7/.T 
u\ /rii 

t <"i _ 

4 

rr. 

/^f/-5?e. 

P5/ 

Pyi/ 

1 M 

R ^ 

-F- 

d- 91 /PJ^fJ 

.0/ 

-4- 
. i3 

4f".9 


.0(^7 


. 0 (oi^ 

/ 2 .b~ 


Idt-zync)'*^ 




4tf>4c? 

' ^{Pf 

^7-2 

0 

1 . 

lC.3 

■ 04 % 

,o37h 

3/>o 

, o/o92 

7y5~ 

C4_ 


l^.^b 

.Ci?' 

.a 


o{t-z3 




3. n 


. o>*7? 


■oaf 

(s-9"/ 



?./^ 



^‘T7£> 



07 


&ff9 

.oo<y’IP. 

-o5T2? 

^37f 

.ofso3 


ct y-^ i^ii/ it) Cl 

^£70^; 'J~e!> ec</cc./« 


-c ?j? w<a e 

jos ^ 

ca. H d 1 



«.v:fc<. [ 

3foT i ]Tj 

(Tl 5 5 C? c f 0,7^ d 

C ( h Cc/ Ht 

F«, 

/ c/t5^T"h^ ^c//74>v\ 

5/«74 

/ A 


i I ( 7 "fl -a- tA. i)-^ <^0 /I O-e e cl 7 ^ ^ I't 0 ~‘^ J-Ci,/' 'o~y\ 7~1 ■ 

jl? i- 1 /M.(/-e "(-CLC To/'S a ,^-e ! 


T^ci 'pi.c Z^'^' -‘ £?.C> 4 73^ kyciTl 'ijf^f 

(/at <i t/iflow-t 7 ^‘^c/-^ *^- 3 Sc? lua'tT^‘^F 


/><n^ 7'4 ® 4 " T^-C CLYli^d-f sft^T'^ IS 4 -'( f^c 4 '«’ 5 ’- 

VU 7*^ C 'R T~U-€^ ^/oT” 

^'ill c/^ «/c- c-7^ (/ 'J~Cf 'To'Tt^l Ih (<^‘'[£eT^i^ 

^ol d (yc> , 



AIRESEARCH MANUFACTURtNG COMPANY J 
OF CALIFORNIA 


74-9896-1 

Page 12-23 



ORIGINAL PAGE Ife 

OF POOR QUAUrX 





-Ap 





■rTiUn, 




(/c 1 ^*f1 -d ^ 

“3 loj' 1/ ol O/n 

{ /‘ 

f-j; 

ps; 

1 1 . 

" 3 
\h 

t h ’ 


5.^ 7 


0 .^ 4- 

^, 03 :^ 

o^oc/o 'j^r 


oFfyf 

(7.o4T7 

a.c^'S'l 


6.0 

, 0 ' 7 

6 ■37<i^ 

^ c?,^7 

O'l^sT ■ 

0 . c? 

a c( JS-3 . 


^■(94 7 


^■(7^ 

O-fuTf 

0 o .2 7 ?Y 





o.( 9*r 

<^.0397 

- (c 

c ,c’7'?4- 

0 ^<77 

O.2.yo 

a (fi- 

0 a 4 - 2 ^ 


0 , 0 '^0.1 

l3 »c?c?CZ'&4^ 

<^.^33 

o.:>trf' 

0 0 


■y^ h^-isivv '7^ 
j4- '^iti I ! oT« i 

Co-fU<. «’*->. P^^-t S' 
\/d\ L (/oi‘^‘t}->^7'^ 

y . 

P ^ 0 1 ( 

9I7T ^''jT^y ^oloih-c 

R« ^e.(PX\o n 

R«.-f H 

i^e«T73 

Rtf 

' - 3 

1 h 1 h 


t-oS'j li7a. Y 17 

X 

.oi . 03^7 

o, oi~;<f^'Z. 

O.jlGf- ■ 


.. 0 ^ .0772 

<^.00.973 

£3>.<y4<sa 

^5 C>79S^ 

. c> ^ • n53 

0 . 

0 0(77 


• oi- \9'7i 

(3>.o9^3. 

0 . Oc. 92 . 

' (? oqP^ 

' it^T 

0 . 0 - 7 %^ 

0 , 0C3>?l!^ 

0 0777 

, c> C> 

a ,0^(5 -X 

O^Oti) 3?* 


. c 7 ‘ 2 - 6 ^ 

a.(oo<4~ 

O.oo2-J 

^.fO-5/ 

^>. 3 '^ 'j^(/^\A t/AuM e- 



t 


Phap 


T”l 7 < / JTcl f 

h< y. 

loss <s .5 0 - 

n<zl~iO~r^, <S> "f- 

^[ 0 ^ U> ] J T^^\. 

i $ y [a J~ (J 





AIRESEARCH MANUFACTURING COMPANY ‘ 
OF CALfFORNIA | 
t 


74-9896-1 

Page 12-24 








l| -a 


(_ c> C' J) 




^/'CL I i<i>>-i /<2>5 5 ^7” 


% (o*T^ u^) 4,T of <^'<^3^ 


I ^ic 


^i-^3. I L 


-€- At, 


* CC/ 


^ C# c ^ <SC-' ^(/ a 
5 / <5 T" i5 c?. ( "i 5~ ihoUsis <l )n^ije.5-e. 

1 Corpc/rc^l ^ <i Ti»-«. ^ 


'P-e.r«-*^7/k/ dlsTh' ^ij// 

iycL(i/-e.^' i^/ /( U 


OEHJINai; page E, 
OP POOB QUALm- 




AIRESEARCH MANUFACTURING COMPANY 1 
OF CALIFORNIA ' 

f 


74-9896-1 

Page 12-26 




hill'i.h Bl o c ^ 


F]ouj B(Si, 55o.< 


K 

QDAJ[,PjY 


‘<- p’-t "U -es hi <J-5 J~ JPho tj-e (j ~f ^ -c 

5 c .Kyr? iiJt. cc f~ H ^ CL 4 T" U'-t colti ^ h J «K. /-f A7^ 

I h tno’^T c/^^ecT /s 

^ yy i-J 'y"^<, o C'']"-*^ t ^ O *A. C7 *^‘ 7"/;^ -e *3 o ^ t^/pc 

<X 3 a/c? /? CPt^ Tk-e. < 5 -S/^C i^%rSf''J~ iy y tj y' ^ 

/ ^ c/ I U' ; c/t-^a / '^(ooo c4e*»^ /^//AcZ / 

^ 5* i^'^i^TlT i^o/^yc? ^}f/'^r J)loc(^ yC^/'-e :5 -e /♦/J c/ a/c/ ^<< c 

jyri>bl'^f'n5j CK^ 1)ll<^CiT(^ (^i r ^ *iT^ c<j^/-actc 4 c^iU 

^ (/ • ^ S’ O' ^ I l^t /^/^c- 1^ ^5 c/ ^ ^ 4 ^ 4 

f ^1 S ^ c ^\. ^ h^u f'lh T IxaJ^ Ol ^ o~y^ J)^ ycp t^t c/<?c/ 

/4 ^ / / c^f\ 4 -o. J^ h ^ S'Tc^/^-e 5 s 4 > / u^£z/f / l\ e 

^ uy«S H^cx,y Ij^ Ca^T^l/^ U^\r^ Oi_cc^ht4Tl^ U-»\Tk^ i^si (clT\u Jt\^ 

<I\ hi -<.yi s t<^*^( Qoi^Tl^ol. 

^ f\^ 'F^<3<-c» s S ' 4 y^uyc> 

<\ a^hu(ccir Y ^ta ?^-e </s 

A /*" Jii <1- Ll<:i. S / 7"^? -«. 

^/^ 5 /iA^r / r-^ 

Yi? CC’/J d}^p>/ccc^r 


S’ t 


C.J 




AIRESEARCH MANUFACTURING COMPANY 
OF CALIFORNIA 


74-9896-1 
Page 12-27 



QRIGINaXj PAG}f 7t 

Of f OOK 

yiiou^C J^k Jr F'P'^^'^ 7 ^ Ci i<t f 


(£) 


I •■'ice I ^c^^ ^ f^€:.-i>^ </ / F F vp/oAo> /'^n^rA 


5 ^ 

y 


II Ccticula^Ji. p> i^JS.3^ a c/^cys» ^c^^-ec/ c?*x 

f/o l^Lt^C^ Ux. 5c ^(/f ?7^^( /'t/ //«? >% ^ ! it Of. Ct//". i^ati/-i t^' ^ 

^o, s;i, t,xJ J '/"(i C o / c/ ^ 4-/^^ 




/-Ui 


[ U/c? ^ loc^j zl \ 5 Yf I If <J J^/t^ ({^Ulc~&.^ T'o i^Ji, Y U 

i*xa / (i i sY'i'] LoYt y ot "FIokJ "]^GU/ctr <b 5o i»i ^ // -ttijf 

yc 4-a.t^ je./j ati^ /</ IS 'Yti^ u uy\ It u Cct<-^5?ec/ 

^ y 

YU 4, jy<=>i"l l<^ir^ <^F (oci^ pcL^^a^j:i 

J- M T’t'4 S^tc^i^^T <i^hi^l<^h ^-«d>/?<5-Oy t ^ tsTci^c /d 

c I c o» ^ -Tf^ ^ -ess-4^ T'/cc./iy y ^ -4- -5 

/ y U '<. ^^)C ro,l c/f,A-^ *^ . T A-e >--a -po/ «. YU'^ 'TA'*^ H^i/f 

Ya i---e ii (s Th! jfi'Y'e. lys-e.f'^ c^-e. j[ Yt-^ 

Y t P7i t "J^ h* -^ccc 1} Y ^ ^ ^ U^^-eYt" ~^)C^ 

clYaii^l^ ciKhtr Iccf ^tl( S-<. 6 d 

<0“ CL Co^js7i«/^^fe2S:^::^k ooe^h } J)s ~^YYn- Ji . 

r. rU k '■^ypt) sy^k-th ic.clI S^c-Ti y Y lyi. ‘^'/Z 

I Ci- <.CLi~e J llh-e.u.f'i^ (X.S o~ c. ^"10 »o. o 4- cfjsTqnf^ ZV l(^<[ 

<=c^<>c^>J{[ i^t'Spk ^ *S<» -TivetT^ cc Id 

^ f" ^c\_ J5 In cc I h y^ (^ -c (t ^ 


AIRESEARCK MANUFACTURING COMPANY 1 
OF CALIFORNIA i 


74-9896-1 
Page 12-28 



^ qualry 


OJ 


-^ccc^ < 5 f', 


CU (4 I t^ci (u^ 


c''? /P/ 


/ 


cv|f/ \^p\^ ^ <^Uiju^' 

c/ /-c^ C^Ofci i/dlohl'^^ ^t^(L^lc^T-t. 

T i'l ^ (^^'S <^55<?ccc*.?*V^ ^ ^ — ®-ec c 4- *> / ^ J£i> ' 

-j^ '4- ^ -<_ c/ c> u S “^o ^ <2J* ^ 

h\'\ i'i^'i /‘'-e *p/- t^-^/-cc7r<5i^ /-s>y^ ^/// J>^^ ^ 


^\t^j 1^0 k- ^ 7 ” T"^i-ft^ 5 TV«-i^^ 7 ~ ci^Hc//*%. ^o(^. y'h ^ c/r<?^-e/^y 
ru 5 It^ Yhts js S. 3 4 / </. ^{^‘x,> 

i'-Zp^e^Tii (5 '^.~7‘5^ >t^. 


Ffato'ct.t-.-e^-s'ff^C, io/i,«.yt^ c =■ c/-«^ 


JC/**- 


/"■ 




■ = 2 :^<f^ 4 y c, ^,;r^ 

xc - — 

^/A • . - 


e. c_ H 


I hf^i^ If ^il(^ ^ Cc?P7 'sf<sf^yl^ <z(f 

i/ctiuilS <x>^ a[sjt-oLircc^c (i c ^ y^U 

t</ OLh^Ct^ /V ^)C<^T^ ^ 7 ^-^ ^ 

1^ Hydh^<^l(-c J^( CL c^ 


AP=4-fA/p^ VI/ (-0 Y/j^- 


AIRESEARCH MANUFACTURING COMPANY | 
OF CALIFORNIA j 


74 - 9896-1 

Page 12-29 






ORIGINAL PAGE IS 
(OF POOR QUALITY 



r/-r> 



vii • 

R<. 

f 




! 

n.^ 


•p-s/ 







1 '» ^ 

O'O'^T 

t OOcj2 5”5? 

\o.GG 

.oa/a. 

Gl'f 

. O 

■37 

4-L7 


b 

. c?075^ 

‘CV c>o3y 3 

■ 

,0|f93 


1 • 



■i.%Q 

.34/ 

/o7>7 

1 

i'<? c^O 7* 1 

?-.?3 

, o=^iT5 


I. 



^I4f 

■im 

’ICC^h 

. ^vr 

^ Oo O 

3SG> 

tOc.3-Jg 







■ l9o^ 

vC^i c' 



,oc# 





ia.7^ 

^o\4x 

. Xocy(^ 



I7>5’ 

.<joa 3 3 1 

> 


N 


F.J^ 

.ocj/77> 



/<5o(c. ct'r /j -€ i*\i -e^ iCa. { ( fon. <7 f- J~C) , 


^Y.'TL -e. ]iiT-e.J'5^c-T]a y%, c? f T^-<- Cel*/ ll\& j:>(<x.c-^r 
^c -» ^ ^ j di a i*i Is 1,0^, Tl) <^5’ 7”^ -2- 

TL^ i p ' ^ La>ij(d T7<«^ / ■) 

T^- 4 . Sl/' 0 -tpU'f~ Ct*thula.t I fj 'J'd (J~c. 

■€.(^C/Cl.(. O-f-JZ^iLS. 7 ”^ «- J)~a^—cj^ a. d 

■^-C-T“ (xXoML^ ^ t (rt ‘t(*^f~~ olI? 




toJMIRKTV 

A! RESEARCH MANUFACTURING COMPANY 


OF CALIFORNIA 


74 - 9896-1 

Page 12-30 




ORIGINAL PAGE IS 
OP POOR QUALITY 



fcr tcin\ 

PcrT^y. 

of- ^O^np Bloc 4l. 



A -f-.-u. ( 


A 

Vft 




(>u^-’C^ 1 n 

fr^ 

UjfrU 

ec f5) 


P' 


. oc'if 




I/.^-a 

.2 3S 

. 010 S 7 

* 1 

•Oii ou5 . 

, 

ct5 

7.!^T. 

. 0 ? 

.^pf.loSZ 

<p ( ^ 





. 03 

. axjj^,/77i? 

c. 

'O 2 Q, ^vc/<i( 



3.7<J- 


,:2<o6' 

•Oa O 

•0 3^1. 

5/^r 

5 I 0 T 

a.'S'c/fT 

•Oo<^7=. 

.2 7r 

^’40 

, o® ^ 



l-4c'a 

.o£SMJ6<JL 

-iTS- 


|Ho ( ^ . f( ^ c: ^ 

?Fr^ 





ot,F--e f A) ct-~ jP^Si 'Pt.d)-3^ T~ ^ o.i.4 

r^. 

■ ip ^ ^ ' 


ih=>p:5 ctM J. A To }^->S , 

cx.p i~i cJT'^ 'T 4 sSl. «-/•-«, I 

Oh^JD '\'f^((^ 2 C7, f}<p73”S^ ^•=’77$^/^'^ / 

M?« 1 Po(vitrt'J~hK(j-^ ss' C? , 3 ! h^ 



1 tf'jti 1 C^ciivin A 

ToTJaF. 


/?«.-?/■ <r^, /oS-S' 

Tc’Tk. ( 

^E^'i ' ^ ■ 


P'5} 

iy ^P 



. 0 o<5" 

. /f*?? 

Z44-7 


,^54-5"/ 


. o>ol^ 

A7?^ 

0.4-3/ 

, oiao^ 

•^0675* 

,a%^2L 

.i> (* 

.'2.31% 

C\lW 

.oe^'PP 


'0*714- 

-^c^i fj 


-C3«3.2-<o2 . 



-nir 

^acr 

.4-75^ 



^ieo% 

A tic 


•7f/^ 

. «>oax3*^ 

' ooc^(o(S 

-?6^'. 



W l<03i |5 

j2>(4T~T^J 




oy\ ']~ L jt. 

H '* ycx^ze.. ; 





AIRESEARCH MANUFACTURING COMPANY 
•OF CALIFORNIA 


• 74-9896-1 
Page 12-31 




ORIGINAL PAGE IS 
OF POOR QUALITY 

Ci7/'«^ i/i9C/k 'f'hto 





1 /l I h] I’ll u (n ^ 1 1 ^ ^ yy. I<^SS <3CCt->/-J^ Ct^T~ CL y\ 

ci.Y.iai o,oo~i^ 111^ 1~ii-^ cah/-->ivy^O'7 <J I ^-y° 

T/.^ T I o 'r ^ ^ /i ^ ^ / ^j^if ^ ^ i i) c ^ s 

Tli-^ \^VS ^5 J=^^/yCti^(i TLi^ C^<yrJ 

^ 3 

U'olcpc^/i-^ i5 , 

^ ^io ins ^fl! 

\i^ cot^ otcd ^ d j^i yCi^ 1/}^I ^ 





AIRESEARCH MANUFACTURING COMPANY I 
OF CALIFORNIA 


74-9896-1 

jPage 12-33 




r& 

5'o p ^cXjLi^pJt 


<*Sv-t. 


7 ~ti-e- fi<»T kefl-Ji6 //j 

< 3.5 Cl/oJiS Tk-e « 7 £? 0 /|T” 7 *^ ^Ict-rx^JL, O -f Y ^ ^ t*y^ 'P/Z/s/';^ 

T li -e S. e. 1 'V £>/'^5 ^J".<e- J?i ' . 0 (^ 2 .^ 

( /^ C ^ fc. a*/i c( 5 '-€ r^F rt>-^ /^/-^ 5 .S ‘-''(’'■■e^ 'dho^ IS 

c c ^ I l<^c<j, T'^-«' is . oo~j'^3 

£^wj riui. 15 G-^'^Yfl^pr^ 

^ -<? 5 ^5 0 ’/-*j 2. cl ^ ^ ^ ^ ^ /^/ /^ ^ (^oc^ ky </ i<y 

f / 1 - 5 ^ l/^[iPCf l\ c/ 5 ' losl tf! 

f tT;^ o.oQT^ y/4^^xO°’/o2.3 pr 


--' .c3&yo.p ^C>‘>Jo3.3 'Pr'^ ”7-C>7 pfT'^- 

, • . 

^ C-f Ty f 


53 c., 




7.«7-xr 4-V"fT^ ff! l_ 






^ 3 y Ip 31, 


X •=t-c/</c } \C ^ ct^ 


AIRESEARCH MANUFACTURING COMPANY 
OF CALIFORNIA 


74 - 9896-1 

Page 12-34 




ORIGINAL PAGE IS 
OF POOR QUALITY 


C ( / c. A -«a n, 7 { *5*/ 7^-eT^ ^>*r Ti.^ “i-^T 

•Cl /i-«-f- J?!<=’<- ^ ^'t I ( <-'5 7^ 7"^ irL c?c 

~r 5 C 7" <3 ifleuTc^C. 1~ «?C 7~^1 ■®- /li>/ "S ^ ■ 

^h<L^cl- ( 0 - 2 .^ = IT-'P c. 


C ^ .^o £^£ 33 _ 

:2.34^IM' X/7^ 'f'T'" 

U 5 ^ - o o.c>' j ^ c CuJJ' 


' O I 




f^-£. =r ^ ~ 7 . o 7 X . <^ 4 -;^ • ^ 7 ~ A/— 

^/- 4 <?- 7 ;c 

■~/ic.5 ^P^f 'tcTia^ ' ^ <2>. 






{OA. 


X^1*5 a. j:>^ 2 A<^tS 7d a^i «jcc-«.y!?/ft//(e ^a/t 

j i<^-€. t<^i(( T^-t lia']~ )■ ~^-^ -^*1 ^J^aT^iT 

^ *7o. / *7 Q. J Sc! innp l^/oc^ 0.5 is ■ 



AIRESEARCH MANUFACTURING COMPANY 
OF CALIFORNIA 


74 - 9896-1 
Page 12-35 



Fhco PtsTtUuTian Sh'T' 


ORIGINAL PAGE I& 
OE POOR . QUALiry 


n. 






4 ' 6 f‘>T IS r« 


T^O Cc.CC-f2- 


-f>T T 4 


-f Jo io‘ "T >~0 TA-^ d ljCt-t,T-e. jPotl~S Pa. d i *7^ 1~<> 

ii. >■>? I) I 'A kF -« h d <3”P ^oTk. d iS ^(<1 c < t-S <ihd d't'iFhipT.^ 
rk is loou -fc ) I hP doT^ ^■ec/'io^^s *^4 Til -e. 

^ yO A -<eST X c. it«. <T ^ ^ -C-* 7 ^>-cL f ^ to (^n d top 

u^', If ( c? ^/■ouid'e. CO c if-cc^tnT-^ p^-<6So^je. 

dtop Ih slap £f T <S.Loo 7* ^//c> O'-f I^Uol! 'TU ^ 

5‘c/HnyO k '^-cSr U ^ ^ ^ ’ c/ |‘ <3 la 6 /oY~ 

4^0^ ctf^-Lct/lysis ^ i<JptT 


V H t.o'i \ ( h-i. V P ( iz-e-d, uyk-^t--^. 7~A-c TioHj l-Jt 


J 


Q,tyi 




5 /o T T O.S 


-poi^c.'Tiota Cf f~ Ccj c[^ f <i i S T~Ci yi ^ 


^ /5 c:^cc. 




7 «c/ 


TA^ p i'-fi.^Sv.lr^ di-op tf-p J'jtc./’,<?M 3 - — P TA^ 

ScJtvtp i>^eCr -^^<cLo;-X^ -Cf- is «. 007 <S>^ 5/^ t^.AlC A. /s 
TA-e d'f TA-<. Two> i]-tcdr-e.icoCia,^^^t' s<^Ter>nS. .. 

IttC^'T T”A •■£ ^ -e fo/--*-' pi-oUtd-A- 0t_ SloT F 4 0-JP^t^Xf*‘torl^ 

/Is 4-/c?«t; -e,>^-e5' ct.cTii/ Ji^ 

4 

l/oluift-^. potP Cl♦^d Floods C.\i-,c.ctri^tl-e.tTTfti(iy 1 1^ 7A-C 


AIRESEARCH MANUFACTURING COMPANY 
OF CAUFORNIA 


.• 74 - 9896-1 
' -Page 1^-36 




I __ 

il<rc\T ^Th) J}c^ j id>*^ y I^T^ J)oT ^ y'c^r l^t^iT 

a J l<Xh^(n^^ ^lou/ O c co^ , e. 

y U •<- jP\ ctt^aly^SiS t 6 hh^U^ I n 7 d Tu/ cv’ 

^«. (- TV « Jr n T^ti fJj O 1-^ '7~i^-t-~ y?/" ■<?55 c-V-e- 

S f~°p l^ -e yy? /--e-s 5c»c/ 0.5 1 

7 r 


, a- 75^1 


Till? 'ejCy^J'-e 55 /<?»^ */5 1 ^ 0 , 1 , 'd huuijtif 

Zf^ua ( r» Of ^^-«-ec/-€/' T^fitJi 0 -!e>C^ holds 

\S cJ-c-C i * 1 ^ T * 


(i) 


R. 


J^^s_£f* f/. x<:N 


c<>y^^ /? -c. ^^€.5:5 

p^e5:5'c^^-t d i-e^^ 1^ cf-ed'i^^ci c£*s • 


Af = - j<i.\ 


.-T 



AIRESEARCH MANUFACTURINC COMPANY 
OF CALIFORNIA 


74-9896-1 
Page 12-37 




ORIGINAL PAGE IS 
OF POOR QUALITY 


'Til -e Ci/t 15 S^y~ y~l' 7"^-€- 

o4- eJt-S o-XI>\.^ 5c> 

/ / o/-«. a. 

^ foT' cZ-^yC^Ttv 'f' cc/7“ j So ^ 

/ (o c (c . 7" tfLc7'<-'a( yPcc5“5«t^^ 0-<^3 

! ^ C li 5 ^ ^ C c (\ { S ^ o T' 7”^ 

5'c>'^yC» K.O 

to h-ci>7^ T* ^^7^ It IS 7* tf 

c? •? ^ ‘f- ^ A 

'^)^<^Cuc‘^Jt.r cc>i^^i*7-e.<lj a..'^<^9fC . 

^ S'-^- <^,0\ \jpl "S-e-C^, ^‘(hc-e. T^-e-^-jj;. oe,t-^ sJyc, JDoi-J'^ -ft 

T^ --<. hoCc, (c. Sf<J-«. e>-f'7“ti'<- li^l~~ J is p iccc-^^^'T^ 

yt-op^f^ 1^^ (S ^oyjs, ^ ^ 7~4-^T«^X/ 

^loitj /5 /"A o*p- Tt,-^ ^poj^~f~ sp^<=t^oi‘^ 

~ ^.34-i?7/z - o,c(x\^^, ^ o.os-f -F7T -C't>-rr 5-7y 

I 'J~<J 5*« 'T” f'l^ Cf ^ C-c>y\ 5" /~q ^ / Aj 7^4 ^ 

7^ /■ -e rs 5 u/-u^- c/ ^oyD -e ^c^vt /Uo>-j ^ , . 

' ■ ■ •' . 


6 ’ 




PLj Si c^ I P ta 

. ^ X os'iy iljjfr^ 

. • ^ L44rK/^ 5. 



AIRESEARCH MANUFACTURING COMPANY 
OF CALIFORNIA 


74-9896-1 
Page 12-38 



'Totljohrtl 




/.7> 


> ^ \ .*5 1,73 

o. 0.4€^'X/a'^l ^>n (:5°/667) /i^;^' 

32.x)U-9r X o ?77 


I 7i 



! 

75" >r/rp^ J'if 

ff (P/,) fr 



= 2.7g4.y/^-'^ 





Oi <7 


<i P;. 


I Pi 


fr 


[ool^ cSf 5 ^ t d O'p 

ct/'-*'CcJi <=ck<{ Pk ctPiJ c/i-€:c.ifc,, 7 ^ 

II iun. 


d 1' h , 



L 75^ 

Af. ' .P4 fr 

. :. 1 ^ _ 


. 1 

. (-B’ 

, 000 

. 013/3 

.oo 4-44'3 

.X 

.13 

.ooo‘il^ 4 - 

l, 633 po'^ . .oHfJ 

.0066-/4- 

-3 

•^3 

. a ao ^- 5 f 2 


^ooit^i 

Xf 

Xii«. 

15 1^ Xii-a- f 



x^<^y 4// s(<^Y^’ u/iU Cuti/<^ 'T i^y~ 



AIRESEARCH MANUFACTURING COMPANY 
OF CALIFORNIA 


74 - 9896-1 

Page 12-39 



t ICI-] , 

^ ~ ^ ^'T l\ <. 55/0 f{-^^ hold.5 N ‘/‘/J i Q ^ 

i-< d C'C e s )r<? ! 

Re ~ Pli ^ <6^7 %y^ y.02c^7/^ft -fT-SUc 


TIi</5 ctl[ ^lo(s ^ill A«.£^e X^cjt ^ / 

f\!ou^ ^J-e-e.c/ l^U'^ ^ / Ttt^ y\ X 

R-<l ^ 0-IOd> citr} <i Uj ^ <^cc n T ^ -ft ^ Ccc/c: c^/a 7^ "I' Li <- 1^ a (- I h7 
/ 

^c»/'/t<?*n o'f T^-€. K '5‘5 c'f -e. P(^-c«^ , 


=. 0.-1 oo ~ Ph r /_ Xil 
/- _ ox _ __ 



i_ ' 



^4. 

= L(t^34-4/^j ^o.o>^({i~3c<^(/ip/Pf^ 

F V 

d^ 1 « • 

X4./T- 

(I'V^/l) C/'-xVi.) (i-O-xe// 

. 1 
- X 

•3 

. 005-47 

• ° ( 7 74- 
.0 1 C?A?1 

■ .9-0 of- . 14 . 4 / -?ro7 

.^>5~7a -67/3 

. 5*037 . 9 - 45 ^ - 49-^6 



AIRESEARCK MANUFACTURING COMPANY I 
OF CALIFORNIA i 


74-9896-1 
Page 12-4o 



OltlGINAL 
OF POOR QUAlill^ 


< irU^ lO kci4^ (>’ ct l( T"-e.r^yijr \h 7^ il'-t? ^ J; (J ! 

jP} t’- 3 -io/^-e t:. e /? /:^ ^ Di^ ^ r^. -<. 

Coii ^ ci w c/ f I'' tt<^}</ 

"p t ^ ^ 'J ^ c/ r C>^ C ol ccj^ ^ ^ < 


dy / ’ 


t^l TTP^/ 
4 - 


• 1. 

! 73rx/^ 

. 2- 

^.oi^(Y ja~ ' 

• B 

/ /7/ Y/<3 

r^ ru 



Ap 


/& 


y. l. 44-^ <.op/6 g7 -•^'^ -ft ^-fT^ I f r ~ /(/ 

/i^^frx‘^. 5 - 77 /^^ I 44 -A’- V 1 

- 1 ^ Q- ^-yj 




6 j i 


.. 2 
• 3 


(i-xv^y 


^p.-„ pv’ tc^tT^ Pl^ «<ici In u*j/ 

h '^F’xa.in y / 


> 


( »1 


/ 

O- 

7 ) 


.is-ofT 1 . 7 a 4 -x/i 
. 4 ^ 5 -^ 3477 x/d 

• 64^<5 ^. 3 /dx/<* 

^• 6/7 ^la''’’ 

2 - 574 -y/.,-^ 






/•? 37 x/<? 


-S' 


l^o^YiS 

H/ ..di fcn^incL^ Qh^ 'l^orljof-tt^ 


AIRESEARCH MANUFACTURING COMPANY 
OF CALIFORNIA 


(j 6 ) 

.7 



0 -f 


74 - 9896-1 
Page 12-41 





“y !ao.^ a. t/^fj f°u/^ /-^ 


C C> l.i'L JPcC J 2 . (T Tu 4 -^iCc 


7 




■y 




=33.3S' 


'TUis is ^ lMuc - U . L (-^ L <^ 7 ~ cc'r la h-^ -e cl ^ ck^i d 

lij c^ 'V I J / Ji T ♦'«’ J c/c-e. Ohh-e.e:-iS.S- 5 a,f^y'. 1/01 (I L/d> I o hi -Si, , I'Pjfs 

^ L>Y 1 ~ ( It -e £ p ' 


f. Ih 


4^ ^ <^-1-1 [4^(1^ = I \iiy(3 - /. :^oyf x/^? 


Pi , - & d ^, f V -«' Vp , 

U/. 


'f> 2 (- 


i. 2 .r ,3 

i D . 97 iT 2-//£5 


I ' ^-i/L ‘ 3 £.f / '^pjOi^ ^ ^<^-4(yi-i(i 5-^ 






2.75 




I ' O' ^ ^ ' 6 ' •- / ■' ^ 




-/3 


^ a.T34-V/<> X.7^5^6 

7 '"/i 


\>^^yio''^Y^ a.j 7 ^ 2 y(a 





AIRESEARCH MANUFACTURING COMPANY 
OF CALIFORNIA 




74.-9896-1 

Pa^e 12-42 



t-c'< A.«.4-£. 

o-'‘vo" 



<s 


. (?o 4 ^ 5 r 




.-b 


, 3-Q>y^4 Kld^ >c.l^^ ^ - 

7 Yx -T - f^i 




-"y 


A?d>i^ t<// Ti^ T(jh- jpf'^^so'/-^ <ih<=>^ op 


'>-^cTia^ i o 'P TLi^ k-^X^ '^'Cc.La 




-^■K 




I 5= . OQ.'>'^Y^3i 


tcuTi'^ ^ I 


TklS /'«v7'(0 IS c?P Coc'>^"5~^ /fit^cP Lf^L-e./' 
^^<!tK <i-e c •^S S j j) o X kb 'htcf^ 7 ■*^/' I y 

Ih o^</^/' 7^ pfo'<--<(/^ <iisTr'ij>oXi<by] 




AIRESEARCH MANUFACTURING COMPANY 
OF CALIFORNIA 


o® ^ 


74 - 9896-1 
Page 12-43 



I ^ 5 -< 2 . c~r ^ ' 



/ U-e. Uo ol t^o( O' t»i -e. o-f Ttif's 5(oT~ i5- 


1/-.2. /,orX2."5 4-7T^-//7(S 


5/^7" O'f t?. C>§“ (H. Uy>tl( COr^o/Ti]^(j 

c/'^5‘t^K c?-C 7“4-e- MJ K 



AIRESEARCK MANUFACTURING COMPANY 
OF CALIFORNIA 



17^-9896-1 

Page 12-44 



<s>'f- H’f'T 

/ii-e. Co ^c-e.t-i(x !h .^'t2.'\n^ p’=>rT's 

/5 y o cx^ ^/"-es s-t'/'-e 4 u^ kic L, th) n't uti z.-es 

t'ne^'Tot ii^jPc'T' t-^^ft'it-ej , 51^ ^<^f-Ts 

'Tin -A S^h^p i: cl^/t ^ y 

(I ^ s'i~t~ I !oc> J^it> h» S I^T~ .-7~ l>-i- Cl f 4 ® f 

koT disp>/ti f^h Uy))l Qot'i^'j 

d? ^ *-e U'-^loc^i^^ f^sT^ Co 

ah^ A<a . d Us7^ do.^ 1^0 

T ti-C lAijseT^ .*7^ TVf Cc t ^ 

j^( f* 5^ c t . Ij (/\x* T'A -p ^ 5 

Tii-e- <xjj iH 7" c/i-^^Thr/ <:^7i*c5^ 

■»/<^/^ o.c^ol^C^y , ^U>z*- h^lfl •^'^oLHacH-^ 0 -. 5 -e/'/'e^ 

p'^f''T' s)^-^s>. '^lf<- ,/rfe'^7~A. /« \>.y^ t'hc.l^^S 


lAt 

-frr hAtv^c 

,c?5^ 

l.%fyi/' ./as.ic. 

.<»n 

4-4ffX4p"^ '?‘5!7J 

. j^r 

y,S‘«;o»^ 

-IS" 

L^zyy//' [3.5f 


//73 


>f^. a^ 4 p)^s. 


v\ ■ 


A ^ r?/ 


. / 38 ' 

• 06 f 7 

.c ?437 


AIRESEARCH MANUFACTURING COMPANY 
OF CALIFORNIA 


74-9896-1 
Page 12-45 




Tl) t Ca / cffa.'piOi-i 5" ^4-c5-e U/L,(c-k 

<~t/ 4 J--C '5 r 2 -e c/ c=.l~ <5. f*i. </ (^tn e. ^ t *t e d a >*ii 

ru fhcc‘t(--ac,'r c<=t.( c.c-(et?~lo^s o- 1-^ di-op 

c» Ct LoJT (?. 04 -pf 5 /. {( C-La-f-^^ T^t -e. pcs-^~]~ 

d { t'yi ^ T-^jr y o 0-/(a>9^ I hdi^s. 

Tilt d/«9ic»t»t€, <5 4- 'r^f-<- h-£^ poij^ '^/ z.-e. (S\ 


- 3 


/ixi-yf =. 2 =^ 4 -y^ 


old l^olo^-t '*-» 


. 3 


Til<, cj I •^'■f LS" . .?• 

/-•eT 5 . Se Iva ru 

♦ 

/ <1 'T^c'T^r' i 7%/,^ ^-5“ 

It/ e^Tijjn? 

Tilt'S t-^^tl^^/-ct)~i£,yi /d5sr «. i?.C>9^5^X •"^‘^**“ ‘ ^3 G H/aT^Td, 

c«.^v d T’^iis {o.ss^<xud Tk^ /»^£?7^ ^ o'-e/' 

li/'< II H<?T” i?-i- 4^'T-<=-«-7'-e.ci- 

. original 

. OF POOR QUAiiS^ 


AIRESEARCH MANUFACTURING COMPANY 
OF CALIFORNIA 




74-9896-1 
Page 12-46 



Pc'f 'fa Ctxnn(c.e.cL^<e, 

n C^c( *1 T /i -e ^A7 

Chcit^ Ic^lxCi ^T~ to^J~oi ^ {o ^ yLtus h-^<^ic?*n 

hic/^'T^ i-e, Co ii f? -^c.T'-fi </ *Tc !o.„* S e> f 

Tl’>'< ^>i<a c ^i( fi a i" •®-X‘^ S'*/ -A fatt vc/<7/-/c ^, // 

c<£rcc.i_j d ho-fTi Cccfl^ }fich.^as' Mc’Yc'h piOii/-e.^. 'Tlt-^ 'fr.hsT 
sT-^f' i*» Th-t Til -t S<y^MyC' U -^T~ 

XC tv a cj( 5 T*#"' )^i<^ s/e>7~ T*^ C/'«'»7 /ccft« -«• (5 

To J«T-^^ 7U y^ ^yc,( n *e Volu ^ 

^ .4 

OL H I ^r-e&5c^/--e. J)c>T ^ 1/o.ty as ol •pd^noT'iov? o'f c.t-n.hk-^Lo4T 

pc. 5/' Tv 4'(c^tc^ -Byipi'e.s^eJl dLS l~k^ ^•^/'^*€c7^ 

.1 

^ct5 c{t ■f-f'^f''^HT(ji.r^^ -u^i TU. i'-^^^^c'T PoTsi^^^ 

TU J^t- 1 a. T" v» c? f Ttiv'i '<L'=yu<fria is tH 

j'-e Tef- -evi,c-4. Tti -.V- /'-e'5c> fT is. ctf-c J Jx^fot^, 

li, - ^ jJ^)(J^^)=^-^r^'Mwyi- J 

■ Jr (jr/M&/ J''’^h?r^J6- 3©7 

1 ^ 

Tiv-t /r4. ih'T^i^S. o.f- H-e. 

. . . V . . 

CojijT^iTp ai- i/tfiA i/alptns^ pivstTU^ ^J^e;y^^<fc<^,T|’M^ i/dum-^ 

^6 ^ ^Oh.c'T^h O'?. C.ficfik- OaSA pOSiTt^O ♦ 


AIRESEARCH MANUFACTURING COMPANY 
OF CALIFORNIA 


74-9896-1 
Page 12-47 




n -e. uoid^c')- >7 0*% ya./- 


7 'T 


ya lohi-e IS I 442. Ih. TA-«. Cetl<-^(aTi<i 


to *7 


c:^'f Til 1 5 Ucxlu J JP^ 0 ^ ^ 

C IcLK^oSX ^ ^UicCt. yU-& Cci(c^^ Let •s CO 
h'laj^ 1^ "6 l'Cc>t<j y\ p^<^S) ‘ 


77i-e l^Tcr^l l/alo^-e. ii^T^-e. 1^ 


1 / //^ ^±± 
i 6 ' X 


2 , 


£_ Ff' ** {^~ 

' L <r: 




V(^= V<jfy*M.t he^ 4(s ^jcLX-e.d' . VfHsT J^l<^ 




s V<3l'^*n-e. C^\<L .Vt s pl^Lc-ef- \f^ t-i-if P<« 


V*i -2r , 44-~ j2. 05:^3 j *i . 

^ ' 


TVv «.5 

V.-- 


1.442 -j- > ■ .egy3 

^ ’2 " ■ 


:r^ rg-.-j 6 -v'^) 

-•-. . 


/. *. ( 0 -:jc. 17 ^^)., . 


AIRESEARCH MANUFACTURtNG COMPANY 
OF CALIFORNIA 


74 - 9896-1 

Page 12-48 













ct\^<r^ 'P Cyoioi^-^ TL 


<j t-^'s <i 


I . G f ?6 - . I ?■/ >, (e ~/^.i7°^ 


~ -.{^(c^ CasiQ-^my") 


ru r ltj,-a ^7^ o»T cX\.O.n^-t- csT^ ^ C^/l'-5 r . 

-i^ = ^njc4o^^'. I 

° ' 6 c? ^ec/y^i ^ 

^ . .- -i . - ' 

ho to! ^ O i; s'!! f~u"r-^ U*lT'a ,T.L<. ■^'f.pk-^S'S to^ -^Oh ■^fo«/H^T^ 

^ . -.€fc//: 3 S ?4 


/. 4 s~s-)c/^~^r / i-- 4 .;if^ '.» /s^ 


'ft^^^«s:s5./e"T- .-r a./^c/ 



AIRESEARCH MANUFACTURING COMPANY 
OF CALIFORNIA 


74 - 9896-1 
Page 12-51 




ORIGINAL PAGE I& 
OB POOR QUALITY 


ii' - 1.(1 S' 5^ tjd- ^ P C© -/o. t7^+ p.64-36 IS-&4- -to. 17‘^j^ ^ 


^i^i5 y*\<-> sy~ ^-£_ <yT) I'i 7,1 

'rU-£, ^A"-e Clod <. <^>-0- <=>'^1 jOh^ ^ 

T'ti-e. c^c/'e- pDtu^'T'o CJ 

^'~"l , T^-€_ 4 ‘-e-'Tccc i3 ^^ /--<=- s -e 7 ^ ^ <» i'-t. 
pct^-e.5 ,(^ a'lc/ (^y <5r*j<y A^‘5 6'/£r a^-€- plopT-e. <1 

c^t'v -e- ^ . 

Tyot^ T^i-e. ^/«»r ^ 

X f ^ (3. >6 y<y/t-’7^ ^./o.tc/ i-^T-*. o-p ^ 

d'f3--e p U -<- i'Fs y<0 a.7-^nl<C.ec-3<. , 

ci^Wl 4^ p^^Ts T'U:^ ^c^inp k-^cCT vcclto^ki^-^^ 

d I 5 TV\ i t/TTtci/^ slo^ Yj:> . T^-€- 

kicfOSin0f* A \h ,7'^1'C \\oc/S{4n.^ ctY 'YUaT^ p^ t l( 

<^llou^ cLcc-^:^s To T^y 

O . O'l^ VHC <Li ^T 7 -*. f^.r-0-:..yn^.T. TU -fU.^ 

; ] ^ ^ ^ , . 

is /. 5” t *1 c ^i -<25^ «,») d •<p'/i^-.<?'.f ^,*'>>7 -e. I ■ S~. (o c ( 't'y 

\ ^ 


UAitRerM AIRESEARCH MANUFACTURING COMPANY 
• OF CALIFORNIA 




ORIGINAL PAGE IS 
OE POOR QUALITY 


0 § 

f/c. 

f 


9'7i,?‘7 


5c? 






rc? 



6 c; 

‘7<?7.2-s 


7c? 


fn-.i'S' 


‘7 7‘r.?'T 




?7'7.7l ' 

io Q 

77514-7 


1 io 


^9o,oz ^ 






\%o 

76S=.?3 


1 S^c 


7r3.fec^ 






'3<}-L3S' 




Ha 


<?2-3 93 

O-C'c^ 

W73 






7‘^3.o3 


13<, 




?'7S724 


2-5-tf 


97 <4 14.. 

^0 






OJ^ 





7<f/.(4- 

3-»<s 

7<s5:67 


‘^lc> 



3 P-o 

7f7.<V 


■3 V 



3fe^ 






3€0 

7 ij'TfO’j;. 

r 

to 


^<iAz'=>^S‘ 



2bf/4© 


<4^.75' 

fl- 3 . 25 - 


94g' 


• 37 .*? 3 

2-73 



'4.4C, 

-1 2 . 7 ? 

yj-T3 

io.9<J- 


99r-9'3 

■ir-73 


11993 . , 


-srfi| . 

/37-F3 

- I?4x 

.b?7,?L.. 

. /5T7.93 

-/c.ff 

" I 

i'4|7-p/ 1 

’ 1 

•'(.7^?. p-3 

'■/2:7 ■ . 

1 


r7.77 

'•■=*^,32,.' 


-. 2 . p. 


i k 


* t ; 

..J. , - 


. i 

..j2J7-F3 

. 

1 . 4 : 



if' 

13-71 i 

37> 3 3 _.j.„ !?:??,£ ?i 

J7?7.; . 


_^3A?'r3 

1 i 

-t 

i 

i 


l:_33-7-£4 

1 „;„i 

' ,i7.?3:' 

1 . ■> — 

1 ! 
i ) " 

:fkltT :: 

\ 



C ) 

-339^1 

. 9 ^ o"i- 

. C?4^®5' 

• 7G7'7 


-5'0 2 .j 6 > 

.7f?-3 



-■(7^7 

: F'4'75' 

-, 4-J y<f- 

■ (?.f5“0 

-.76?;/ 


r-.^3P£- 

• ®®»9«7 

-.7797 


-.?f0 7 

(a (^ 0 ^ 


'.£6^5' 

~.5^=-e 

-. 7r<F3 

~/7^g 

. - ^?Fi"3 

> 

.0 0 2 

1 * 


- • . f 

-,Cf5'0 




. 4 ., 

.c-q -a%7. 




74.9896-1 
, Page 12-53 




original Page is 

OP POOR QUALITY 



~'ASQ\ 




50 


C>7-3 ■ 

- 7^7 

'-' . £>" i 0 ^(0 


. -flf-3 

. '♦'/•I 

-77.(}~ 

.cj a { 1 


- 7r.f6" 

//-^ 

65 

^<=> oa ? 7 0 

‘7C'» 

-^7.7f 



C> cs^a 

1(0 




' ,0 oa 2 . 9 . 5 ^ 

/3^ 

yCr-O 

-Qf 

?.] 


/ TO 

\m 

- ?d.7 

34 1 

^cf&o -^7 ^ 

no 


"S"3.7 ■ 

?-4.r 

^0 0 a 773 

1 ^ 0 . 

)44-.<o 

"’ 7.5 

(^7.3 



/??? 


72.3 



y^.2. 

-3^y' 

G7.3 

.00 / 

25 T 0 

7c?, 3 

-II.:k 

57./' 

- c?c> 0 

a 7(^7 

i2-0-C»3 

ir.^ 


. oc^ 0 


— > ® 

4 ^ •• ^ 

. ^24 

^ <3c»C9 32 -^ 

3/c? 

-7/.<? 

(^7.7‘ ' . 

-/! 

V. , 

33*^ 

'i/0-9 

^ 574 . . 


-V ^ d? C> c3 3 ^ 





— . 70 ^ 



■ n-i 

-C4-.7 

^ cx ^ c> ^4^/ 



AIRESEAfiCH MANUFACTURING COMPANY 
OF CALIFORNIA 


74 - 9896-1 

Page 12-54 








s ■««;«■««■■■■■■■■■■«■ ■PPPRPPPPPRRKPRBI 


PPPPPPPPPP ■PPPPPPIPPPPPPPPPPPIPPPPPpPPPPPlIPPPIPpPRPPPpPPPRPPPPPPPflRRRPPPPPPPPPPPPP 

PPPRpIPPPPPPPPPPPiPiPPRPaPPRPtPPRRPRRPPRPRPPRaPRPVIPPtRPSHHRPPPPRtPRRRRHaRRPPRRRPP 


IPPPPPPPPP 
IPPPPPPPPPPPPPP 


««pppapppBPPPaMPP«pS«SZpJ!SS«l!'S!«*S?S!SS!!2ppaapappapp*aapppaapappBPPapppapapppaa pppppppppaalppr"! 

RPRaRappaRpapppppapppppppppppapppppaappp ■appaaappppppppppppapppppBpppppRRppaaRpappppppappppp'^appi 
apapRaaappapRPRRpapaaRPPaappp«RaapRaPRPRP*RHRRa«RPPPPBRRRPRRRRPPRRRRPaRRRPapBPRRaRRpRPPRRPRt.pRPPi 
apapaaaRBPBPBRBpRapRapRPppRPR>ppppp«»RRR««appRpRBPBPPiiRaRpR«RaRap>RppRRpRapaBBRB PRBRpppRBP'jppppai 
RRaRBtBaRRBPPPPRPBPPPPappBaRRapaapRaRRpaaaapapaRRapppBPBPPBBaappptRPMppBpppapppaapppppppR-^apppr- 

. iaaa«aaa«aBRB»#aa*p»- 4 «apppppRPi 


■■■■**■■■!■■***•***• RRR NR RR BPP RPPilPBlPi R8BMM«fl*mMMPap I 

;s5ss:ssss:ss5sss::s;:::::::5ji:5::!::::!!S:3!SHSnSs^ 

iiiiiipiiiiiiiiiiiiiiiiiiiiiiiiiiiiiipppKi::s:s::ssl:::::H::s:::::::::z:::s::5::::s::::s£a::ffl;::R 

“ gppp 5 p5p p PR r 35 p! — ' 



PRPP't-'-^'r'PpppBPPRpppppppRPPPPPRppRitpaaBBBBgaBaBaapiiaRaiiaaRiiaiiBii 

Ra«PPPpRPPPPpp«f*P8ppaa ■apppapapppppppppppppPRPppPpaRPaaBapppBapaapppppppBBBBRBBMappSpSRaiPBSpBaPBpSpBP I 

PR ■■PPPPRpPPPPRpp.'RpPPPPPPaappapppaaapppBPBPBPPppPpaMPPPppppaapaipppppppRMMgsBBBBa MB ■aaaal 

ppppppppppRppRpppBpfppppPBapBBaKBBBaBBiiaggRNaMPRPPPiapBBpppppapRappppSSRpappppppBPRRRpSpSgBSSBSBpaBaPHl 

SSSSSSSSS:hSSSSSSSSS£f:SS2!SSS:5!!S!!!!!!!!S!!SSS!:!SSSS:!!!!!!S"!fRNRNRRNN*NRNRRRRNRRN*NNNRNRRNNNRNN| 




, .pj»:::s:::ss::::::::::s8::::::::::::::5sss::!::s:::::l 

■ BPPPPRPPPPPPPkRpPPPa >PHPR«PPPBaRaaBBaBRBiBaBBaaBPRHRPNRpPBR8BRBaiBpaaaBRBBapaBBBBBBaBaaBpp| 

RRNRRNSSi i2SS*2SSS! SSSSSffSSSSSSSSSSSSSSSHSHRnSRRXiRRRRRRNNNNNNNNNNNNRNRNRNRl 


pppppi 


aaMnaaaaMMBaai 

I BBBSBaBBai IBBBBBBIBa BBRBRPPPPa RaPPPRaPPP R*P RPR PPPR 1BP« R B PRPR M BaPPlB RPR BP PBB BBBBP PB BB i PPP PPRPPPP 
I ■PPPPBPPPP ■RPPRPBPRt PPPPPPPPBl ■PPaaBPBaPBBBPBiaBflBIBPBPBBBBP BaBBBaPBBflaBPBaaaaaBPBB'.BBBBBBBBBBB 

■ •PPPPfRPPBlPBPBBPlBI BBBBBIBBBI ■PaBBBBBaBBaaBBiaBPPiaPPBPaPPa BBBBBaBPPPBBPBPPPPBP PR* PPBBBPPPBPPP 

■ ■ppaBSBPPflpaPBBiaiPiPBflaBaappiPflBPPBBPPapappa aappa •apaapaaap MPapaappppapppBPpaBaPPaPPPPBPpappPP 

■ ipppptPPpR ■ppppppipi ■PBPBPaPaaBBBBBBBapa BPapaaPBaaPaBiaaPBaa aaBBaaBPBBpRaBPBpaPBB'iPBBBpppBPPBBB 

■ apaRPtBapR apBBaapBBaBBBPBPBBBa aaBBaaBBaa BaBapapBaRBpBapppBapappppRBpppppappppppappPRPBPPPPRPRap 
I BaBBPaPBPRapppBaPBPB RpppRppppf ppKRBppppa aBPPPPPPRaappapppppappBPaappaBBBPBBBBBaa jpBPBBPBBPPPBBa 
iBPPBPBPPPPPPBapapapa aBBBBaPBBBBaPBBBBBBB RIBBB BBBBPBBRaBaBBBPBBBBBaBBBPBBBBPPBParBBBaBBPBBaflBBBP 
"--‘^ppBPBBBaBPBPBBBBBBPBPRPPBPBPPapBBaBaaaBBpBRPBaa aPBBPpapBPppBaaBBPBBaaaPBBpp* « BPPpPBPPaappppp 
_ ^BPappBPpBBBaPBRPB BPBBBPB PPt BBB BP aPPaP PI PB B BBaPB PaPBP PPBBB BP BPB BBBRB PPP BB B PB J B'PPPP PPP BPPPPPPP 

■ PPRRPapBBPSBBBPBPBPBaBBPBBRBBI BBP BBBBRRB B ■ BPBPPPPB PB BBB aPPBB BBPPB BBPPR BPPPP • p? p p BBBPPPPPPPPPPPB 


ppapBppPBappBpppapppBPPBBa'^ppB aaBBaaBBPB BRRppapBBpapBPBapBBBBBBappaRBappaBaBBaBPRpaRRapSpBSpppSSaapS 
BRRBPPPPPBBaBBaPBBBBBBapaBB 'BBaPRPPaPBBBBBBPBaBBBBBBBaBBBBPBRRaSpPBBBaaBPRBRPPPaPBPPPPBPaBBPBBBBaBpS 

BBaBBBaPaBaaBBaaBPBBBBPBa«BB..<«PBBBPPaBBBBaBBBBBaBBBPPPBPPPPiPPBiZSiSSiBZpPBPRSpZSiiZiSSiSiZiSSS5iSSS 

• IPaBPBPBBB BaaBBflBaBBBBPBaaaapB PPRBaBBaBBBBapappPMBBBBBPBBBaaaaaBBBBBBB 

RPBBPBPPPBPPPPPPRNPPPPPRBiaPaPVRPBPPPBBBBaBBBBBPBPBPRRPRRPBaPaBBBBBPBBPPPBBaPPBB BBBBBBBRBfl BRaPPPPaPB 

ppppBapppppaBPPapppppPBBBBBBBBa.pBBapBBaRPRRPPPPaBtPiSaSBpZipBlipppppBaBSSZSSiipBppppppppaaaSpppSRSR 



■PPPBBPPRBBB BBP pBPt'aaBBBBPBBBaBBBaBaMBBaBBBPapaRBB BBPPB BPPPB pBPpa PPPPP PPPBB PBPBP PPPPP 
SSSS!SSSS£SSSS2!SS2i''!!'**! !***■■■■*“■■■■■■■■■ *RRnnnnnr*RRnn*nnnnnnnnnrrrr NR RNPRBPRRMP 
■■■■■■■■;!!55NN£NNNRRR*!S5!!5f 5N!S!55SNRRNRRiNiNNNNNNNNN*NNN 

BaPBPPBBPBRPaBBBBPasaaPBaaaaPBappBBppB^i BBBpiiiiipiiiiiiiaiBipiiiiBppBaBPPaipBapamaBBppMPPPpSpSSppSap 

BaBBBBPaBBBRRBaaBPPaBPBPBPBaaaaRBPRPPRB.'PRPPBaBBRBBRRPaRBBBBBaiaaPPaPBflRRRBBRaPBBaBBBBaSBBBBBSaaaaaB 
■■■■■■■■■■ BBBBPBBPPBBBPBBBaBBa BapRaBaPBa .’TRRBBBBBRB aBRp«p|p8l RRSiiBPBRB BRpaappppB appBBRBaaB BRRPaaaPPB 


PBPBBapBPBaapaaai 


PBPPBPPpaPaaP; 

aaRRaapBaBBRBaaBBaaBBaaaapBPPP PPPPP. 

PPPPP PPPPP PPPPP a pppp PPPPP aaBPBPapBRp.'iRBBaRBBPBppp a •pppprprpbprbrr BPPPB PPPPP aPBPBRRPRRi 


pppppppppaaBBPBBpaBBPBaBBBaBRa aaBaaBapap BPRPpRRPRBtPPPB 


iPBBaRBBPPPPRaPPPaaBBPaBPBBRBBBPaRPPBRPPPBRI 


PPaBapBPBaapRBaBaapaBBaBaaBBappppaBpaBaappppBaRi 


PBBPBPa'jPRRaaPBPPaPPBBPPPBP 


■ ppprbbi _ . . , 

■ PPP ppaa BBB PPPPP PPPPP BP BBP BBPpapBpppppaaBpaPPP BBPPB PPPRP PPP pa BPR PR appa a pppp I. BP BBB BaRBBPRBBBPBBBB 

■ pppRBaaBBBPBPPPPRBpp.PBBPPBPBP« aPPppaa PPP PBPPP BBP PB pppaa Bpp BB BBaaBaaBBaappBa aPBBPBPPPPBBBBBBPPaB 
I BpBPPaPPBBPPBRRPBPBPaBPBaBBPBI BBBPBBBBBBaBBBPaBBBBaBBBPPBBBPPBPBBaPPPaaPP’japBBaPBPPPPPBPPPPPPPP 

■ BBBPPBBPBpPBBBBBBBBBBBaaBBapPa BBaPB PBBBB BaPBR PPPBB aPBap BpB pB PBPBB PPPPP BP* PB SBPPB BB PPP BBBPB PPPPP 
I apppBgppPB •BPPBPPapPBPPPBPapBIBPBapaBBPPBaBBaBBPBBPBBBBpppPBppPppBPPBPPBaBPpaPRBPBPPPPPPRaBPPPB 
I BRP BP aappa PRaBBPaBBPpRPRBaBPBi aaapappBRapapapppaRppBPaBBBPRaaBRRappaBBpr.aBaaBBBaBBBaBaBBBBBBaBP 

■ aRRBBaBBBaBBRRBPPaBa BRRRBPBBPI aBBBaRRRBPaaBRBBRBBPBRPBBBBBBB BBBPBaaBRaBBBBBaPPPB RBR PR BBBPa BBRR B 
I PRRBpaRPPBaRBRBaBBBa BBRBP PPPP IBB BBB aappa BRBBBaBaBB BRP aaRBRBB BRRRPPPaRP '<PaPP PPBPa BPP RR aPBP B B PPPP 


I asRaBaBaaBaPBPPaaaPB'apRBaapRpt aBpppBPRRaBBBPBapBPaaRRPRBPRRBapRBRRaa iBBaRRpaRaaa BBPapppBBflBBPBa 
■ aBRBBaBBBa apapRapapa aRRRR apBBiBPaBRBPBRa BaRSPaPBPa aBBaBBRBPfl BPaaaaBraapppppaRPBS prrbbbbprrrrrrr 
pppPBpppBB aappaapppa aappa apRPB aBPPP.BP.iBa BPPBpaBpva aBaBBa*ppp*BBpp 


a BBHPPPPBPP pppaa ■BppapBBpp pppp* PBPBP BBBBaBBBRB.IBaRBaaBBPPBBBRpBPPBBBBBaBBBPBBaBaBPPBBBPPBRBBPRflB BBP RR 
RBRRRPaaPPBBpRRBRBaRaaRRaBPBPRRBRBRRRRaBRaRBRRaRaRBaRRRBaHRRPBRBBRaRRBBBHRPaaRPRa RRRRRRRRRa RRBRR RRPRR 
RRRRRRRRRRBRRRBaPRRRB BBRBP aBRRRBRBBRRRPaRPRPRPRl'aRBBRRBBRRBRBRBaRRRRttRRRRPRBBRaRB PBRBBBRRRR RHRRR RBRHB 

::::::::::::::;;::8;su88:8:8:s:s8ss:88s:s8:88:sa^»:8a»:s»!8s!su::8:8s::i:»8::;ji:88:::::::::::::: 

•■•RRRRRRR* •■■£••■•■•«££■■■■■■ fa RRRRBRRBB RRPRR BRRR^aRPPaPRRPB BaBRRRPPPPPBBRlpRRRaPRBXBRRRPBBaRRRRRHSR 


I appppt 


iBPBPBrBPBaaappBaBBaBBaapppapBa bpi^bp bppp a BBPPP BPBP a bbpppbppppbpbppp* p 

iBPpaRaaBPBaaBRAapaPBBPBBaBPBRa'aBPBRaBBPBaBaBBBBBaaBPRaa RaPBaBBBPBBtaPB.PBRPPaRPPB apppBPRBRBaaRPa 
I BPPRPaBBBBaBBBBaPaBaaBPRpaRBBaPRaBBBBRaaaaaRBBBPaaaRPPPPRPPPPPBPPriPRPPPPPPaBBRaBPPBpapRpRPBaapR 

■ PRRPBaPRRRBPPaa apaPB aPPPB aPaPapPPBBRPPBa BaPPPRPBBa aPPPBaaPPBBRBPB./PRRB BPRPB BPBRa BRBBBPRPBBBBPRR 
1 aaBBPaBRBPapPPBPPBPBPPPPBPaPpaPPBPBBPBBP BBPBB pppaa BRPPBPPBBRPPBP*'PPRaB BBPPaaaPPa'PRRPP PPaPBPPP BP 

■ apBBaaaBBaBBPP»BP«PBBPBPPBPPPBBRBBBl«PBp BBBPBftBPPB BP BBP pPBBP Pp B B’J PBRRB PPPP B BP PPP BPRBa RRP BaaPPBa 

— B PPP^.PPPPPB BPaa BBP PPP aappa aapaapaaaa 


brbrrb 

— RRRBPRR 

a RBRaaRBaBaRRPRRRRRRaPRPRBRRRRP 

appPBRapPa BPPPaaRPPBBPPBBaaBBa •PBPBaBBBBBBBaBBPBBa.'>BBRBBBBaaPPBBPpBBBP BBBPBBRPBBBBBBPBBBpaaPBpaBBPaB 
— ~~«PPPB BaPPBaBPpa BPPaPBBBaBPBPapappap kBBBBRBBRapBaBPppBPB BppPBPBBBaaBaPPBRaRflaPRRPBPPBa 

piiiiaRaRPRaRHHRHRRa 


I BBBaaBBBBBBaBBPBBBpa B * PP B B • PPP p BP P p B PP P « « P B P P PPPPP P P PPP Ppl 


paPBRaRPBaBPBaaBaBBBaaRBBBaBaBaapBPaBBBaRPB»aRBRPaa.«RRBBRRRaaBaBapBB«a aRBRapRpRBBBRi 
■RPPPPPppaappp>appp»RRPaaa«BpaBPBBPaRBaBBRBaBPaBBBitaBPapRBPPPPPRBRRRBBRRBRaaBBBiBRi 
RRaPBBRRPaa«RaaaPPBBPRaaaBaBPPaaBBBBPBaBBRBaBaRRBBI»aRPPRRBBBRBBBBXRRaBRRRRa«PRRPRPI 

PPaBBBPPPaaPPBBPPBBaBPPPaBBPPPBPBBBBPBBBaaBPaaPBPaiRI ppaaBBRBBaBBaBBaBaBRBPBPPBaBaBI 

S5!9S9S$5! 9559999 5!SS9SSf!!59!!89^8!98ii99!«NaNRRRRRRRRRRRRaRBBBPBRBBB 
B 8 apBBPRaapaPBBaHaPBBPBap*B*BaB*paS*''*'* ********** ***^^****nn ■■■*■■■■■■ RR*nn* 9 NN<>RNRNRRNRNp 
! ****** S"!**’!59******N*NR*NNR*RNN*NNRRNNRN*NN*')NRNNRRNRNNNRRRB*R*R*BiR*BBRa*BaBPBB 


'Mlniimi 


iRBBR 


BaBaBPPBv.apppBpBaBa’app.PPBBPWM’BPPPaBPRaB 
papa appppPBRppBRaPB BPPPP a BBpa»PPBBSBBRP 
_^PPBB4Paap*RBpaBBaBPBaPBaaBaaBaBBflaaaPBB 
■PBPaPfBpaaaBBPBBBaBPPBBBpaBBBaapBpppBaBR 
■aBaPBBaaaapppPBpaapBPBppBppaBBBPPaPaaapp 

■ BRpppppBBaBPPPaaaap.P.I>PPPB«PBPaapBP«BBBaB 

BmppaB'BBapa'pppBPPaBpapp'pBPBpBpaBPBpiBrBpppB 

■ ,4BaBPaaaaaaPBBPBpa»app»BBaBP»Ba»PBBBPPBB 
1 ppPPPaRRpapRPBRPBaaaapppBaBaaaaaBpaBBPBa 

■ pBaPPaBaBaBBaPBBBaaa'aBPPBaPPPBaBBppBpapa 
iBPaBPaPBPaBPBPBPBaBapBPPpaBaPB'aaPPaBaaBar 

■ papBPBBppBpppBPBppBaPBappaBappaapaapapp'B 
■apaBBaappaBPBPaBaBRBBBaBBiBRaaaBBBPBBPpa 
laBPPBaaRpaaBBPPaaaBBappBB‘BpBpaa«PBPPBBPa 
laBBapapppa aRPNBaBBRaBBBBPaaflaiaaaBBBBBaa 

aaBpaaBaaBapaBBBBppppBaPBPa.aPaPPPPPPB 

_ pPBPpPBappPPPwKPil'aPppa aPPPaBPPPPPPpPa 

■apBPPRBBPaapBPBapapaaPBBPaaBPaaaaBBapBBa 

■ iBBPa iRBPB aPBPBBBapa BBP pppaapaappBP BBPPB 

■ •BPBaapBPPBPBRBapaaa apspapppppBPPBBPBPPB 

lapPPBaPaaP bpb a p b pbp a app PB BBPPPBP PB 

■ ^<--apaBBBa.aBBBPiBapR aBPRtaBBBPapBB 

_ BBaBRpB.aaPBBaBapR BBBPaPBBBaaaaBBBPaaa 

■ aappa RPBPaaPBBpaBBBa BBBBPpaBPPPBaBaaBapa 

I aPBapaappa aPBPaaaaBa apaaapppaaappBBBa^ 

|BPBPa.apPBap«Bppaa4PaBBPpaaappaaBapBBPu„,. 
1 B'PPPB^BPPB apaPBBaBPa'aBBapaBpa'aapPBplaBpap 

I appBaiBppa aapppapapa apppa aa«paaptBBaaaaa 


PPPPP BPBpp PPP ppBpppa BBPpRppBBp PBPBP pppaa aapppaBRPBaPBBB 
PPPPP PBPBBPPBBP a BRP MPPBPPB BBP PPPPP BPPPP ppppap BRP a RPPRP 
pppaa BBP BB tRBPaPPBP'4 PRPPRPRPRPPRBBPPBPPB PBP BBPRBBP PBPBP 
BPPRpaPPRBaRaPPBRBr a PPaaPaBPBPPBPRRaBPBB BBBPPaPBPBBPBBP 
PBaaPaBBPB BBBBBBaa'/RaaaaBaaBpapppppappaa PBPBPPPPPa aappa 
aapBP aappa aapppapapa a pbp PB apaa aappa pppaa aappa aaaaaRapaB 
pppaaapPPaPPRPRPM'iPB BPBPaPPPPPppppPaaaaa appapaaapaaaapa 
PPPPP PPaRBPBBBRaa PPP apppa BP BRP PPP PR apBBPPRPPPPPRPP BPPPP 
PBBBBaaBpPaappPP^BPB PRPPaPPBRPRPPPRBRRBB BBPPPPPPBPBBRBR 
ppppaaPBRaappaBappaa aPBBBPapRBBBPPPBRBPa ppppppRapaapaRp 


BBPP aappa a«a aaaaapppaaappi 


PBBaBaRBPBP'aapBPRRPBPRPRPBPPPPBPPBBPPBBBPPBPPPRPPalRBBa 
aappa aappar'tapap pppaa Bpapaapppa apRaapapaBPaaBPaaapa ••ppp 
BBBBPPPPBrBaaBRPPPBBPPaRaaBaRaaRPPaPRPBPPRRPPaRPPPapBaP 
•BPP aapBR’a PPPPP PPPPP apPPpaBPPB.aRBaaaPBBBPBPBPPBBpa ibbbb 
ppppaappr aPPBRPPBBPBPBPBPBBBPB •aBPPPRBBPBBPPPBBBPB laPRP 
•BBapapp>PBBapa»BBBBRBPPBaBaBPa»BPBaRpaaPPPPPPPRRPlflRBP 
•Bapaaa>aapaBapaapaapBaBBaapaapaBapaBpBBaaapaaapppaar~~ 
• PBP a ppap# PPPPP apppa pppaa apppa aaaBPappaapBpaaaaaap »pi 
BBapaa'«BRa.aRppR«papapPBPpapRppapppppBPPappBBP«BBPaiRi 

apppa 4 appaaaaaapaapa papapaaaav.BBBBBaaaaa aaBaBaapaaiai 

P BPBBV„tPPBPaaaBaappBa BBPPPBPBaa aapppapppa pbpbpbpbbp irrpp 
P BBBa«-«PBBPPPBPB#PPPa PBPaP BBPPa Pa Bpa pppaa Ppapp appaa iPI 


^ — RPRRBi IPaaRRBRBa.IBBBBRBBRa a BBPPBBRPR RRBRR tRBRR RRRRRRRRRa I 

• NR NRP a ••*■••■■■■ ■RRBaaRRBaRRRRB aa BBB BRBBRV RBRBRRRRB aPRPRRRRRp BRRBBPBBBB RBPflB PB BBR I 
RRRaRBaBPBaRPBBaBBaBBBRBPBPBBBPaPRBBPRRaRRPRRRRRHRRaRBRRRRRRRR <BRR BRBBa BaBBRaBBaP PBHBB BRBBB BBPPR RRRR* I 
aaPBBBaPPPBapMPBPBPBBBBPPaapPBPPapaBBapapaappBBBppBBRPpaaPBPBPk ppbpppbb apppaaaBPRBBBPPBpaPBBpppBppppa I 
a paappppppp aaapBPPPPB a appa aappa appBPBBPBBPaaBBaaaBBiRBBBaRBaBBpapBPRRBaaPBPRBPPBBRBBRBB»BBRBaRaBPBflBal 
aPRa»aRPBaBaBBPaPPPRB RaPBa aappa PBBBaBBaBBBBPBaaRRPBaPPBRaRRBRRRapBRPBPR aPBBRaBRBBBBRBBaRaBaBBBaBRBflRa I 

a aRaPBaPBBaBBPBBPBaaB.BaaBRpaPBB pbp brbpprrrprrp a pRaatRRRRaRRRRaBat'RpaBBBapaaaaRBBBBBBBBasaRB RRRRRRRRRa I 

• aPBapaapaapRRaaRpppaaappppapRaaRBaRBBaaaaRaBBRBBPaaRBPBBBRRa bbbp.i aRRBaaRRRRaRRRRtRRRRBRBRRRRRBRRaRRal 

BPaBaappaBPBPP#BBaa,aBPPPaBPBBBBBBBaPBB#aBBRBPBPBaBBBPl PRaRp ap BppB PRPB appppppYBB pppPBPBBBa 9 

------ — ^paaaaaapaaappppaPBa.aPpppBBPBa BRRPPPPRPaaBaaaRBBBBapppp \pbbp apppPBPPP»appRBpRpRRBaPppaappBM 

iRRpaPPPPPpaBPPRBaPPPRRirPBBaaBPaaBBBaaBaaa RBRBBaRBRBaRBRBaBPBRRBRRPiapRR BRPRPaPRPa BPPPP BRBBaBPPBaaRRRB I 

• a»aaBBBRpaaBaRaBPPBaRBPBPaaBPBaBaaaapppatRRRRRpRRRaRpRaRRRpaBBBBRa'>8PPaBBBPBSPPB bpbbbbbppb ppppapaRpa I 
ipppaRBaappa appRBaRBPRRPRPPaappa apRPBRPBBB aaBBBPBaaa aBaBaapapa RaBBBBppBBBBRBR«PRPBRRPRaaRaBapPBRpRRp — 

ipppapaaaaBa.aaaaaapaapapppBaaaaappaBaBppBP •paBaapsBaaBBBPBBaaaBPBppppt.BBppppRaPBpaaBaBPpPBPBBppRpBPB 

PBBPPaBPaBaaBBBBBBPPBaaBPt aPpaPRPPBP'RPPPPRPRPt IPRRRRRapmPPRRPBBP.-<aBBPBBBBaBBBBBBBaBaBa BaBBRBRaBa I 

pPBPaa aRRpRBPPPRRpppB aaPRaBRPBRRPBaaaaBaBBBBBatPBPBBRBPP PBBBBBBPk aaRPRRPBBBRBRRBBRRaaaaaHRPRRHRB ■ 
apapBaaBBaiBPBBBaaBBaaaBBBaaBaaaaBaa apBaappapa ipaapaRBBaRBRHRRBRRt.RRpRRRRRpa BPRRRRRaRBWRBBRRPBPB ■ 

• aaaBPPBPBBBBBataBRBBSBBBB«RBBa BppRRRpBBRlPRHBRRRRa IPPRR RRRPa RBRRPRBBaa 'IBBBBPPBBB BmBBBaBBBa aPBBBBBBRB ■ 


n9!N9iNa..aPBBBBB...| 


ippR BBaaaaaaBBBBaBBi 


I •■BaaasBaa aPBaBBaapa apBPBppRBaRRaaBBBRpa •; 
I aapppapppa aaaBBaBaaa aappappBBPRBPaBBBBPp - 

■ BaaaR/iRBaBaaaBapaBaa appBBPPBPBPPaBaBBBpp 

I aPpapaaaaapaapa'aaBBaaPBPBBBBPaaaaaBapaBa' 
~naRRPapRpppaBPBaaBBpaBBPaapppppap«R«RRRf 
-^pppaiPBBPPPBPBaaaPB aappapppRppRRpBBPBB 

■ akrppRaRRpa •••••• paat aBPpapPBPappaaaaPB'. i 

raaaaPaaaaaaaBBaa* *aa«B*aaaaaaaaaB«a'«i 

--B'la iPBaBapaBaBaaB«'4aBpB*PBPPRPBPaa*.%Bc 
-aBpPBapppaappBRRpapaapBBBappBa'aBaaaav pppi 
I tRPPk iRRRRRRBPappaa* aappa aPBB«BPBRa *ilRRR' 

'9!i5*5*9!!?NN'iN999! 

J •ppppBBa'.'PpiBppapapB 


• aaaaaaaaBaaaB,.paappi 

paBBPaBPpaBPa'i'vppBBBi 


. 03 4:r 
UD I 
CD VD ‘ 
00 i 
' « 
ro <y\ 

I I 

vn — 
vn 


lapBBPpp ''PBBBPBaPBapaapppa' pppbrrpppi 

IBBPBBPBBk A'BPPI — 

I PPPPP apppp ppp pp,r<«< 

■ pBBPpaaaaaaaaaBaa*! 

I BPPRPBPPPBBPPBPaappRPPaPRaRRRaiapBPPPPPa 
I BPRPBappPBPHPRRRPPRa aRpRRaBPaBBBBPPBPaRRi 
9 RBPRBRPPBPRPPPPPPPPB aBPBBBPPPaaPPBPBPPPa 
JaPpPPaRPRRRPPPBBPBBBPPPBBaRPPaaPBBPPBPPB 
■RBHRaaRRMRBRRapBBPXBBPBaBapBflBaRpppRaRpBi 
I BPpppBPBRRBppapBBHaa aRRRaBMRaaflBPPBRBBBB i 
I BBPSBaRRaBRBRRaBRRaPBBBPBBaBBBaBBBRBBBRRi 
I •PPpppaPpBPPppBaBaPBBBaaBPPBaBPBPaaapppa 
I BPBBBPBRRS RBRRRPRBaRRRRRRaPPRRRBaBa'BBBPa 


• •RRRPPPBPBBPBBBBBBB BBaPBaB BBB RBaPP «RPaa PBPPRRPaPB.IBB PR 
BPPPP BPPPB PBP BP RRPPB BBPP ••• RPR RRRPP a BBaBRRPRRPP BRP app PB 
~-““*-BRPPPPPPRRPRBRBRBRPBPBPPSBBPBBPBaaBBBBBSBaRBBaBPBP 
vaaapBaaaaaaaaaaaaaaaBaBBaBaBaaaBBBaBBBaBBaBBtaaBB 

pBppBPPaaBPBBBB BPRpaaapppppPBBBBPBB BRRPBPapBBaaaBB 

ppppBkRiiaa.BBRBRBBPPBRPRBaaBBBBBBBBBaaBaBPBBaaaBBpaiBapa 
RRRRpBBBRaRBBPBBBBPBBPBaBaBPBBBBSBBPRRaaBBRRBRRPBPaPPPP 
aBPBaaBPBaBBaaBaRBaaaPRPRRaPRPRpRPBapBaaPRRRpppBPaaBRBB 
pppppaapBaaBPPBaaBPPPBBBaaapPBBBBaaBBPaa bpbbbpbppp aappa 
aapaPBpppp BpBpBaaBPB asBBasappa'pppBpaPBaa BPPBPBPaBP'aBBBB 
BRP RP aappa aPPPPaRRPa apppPPaPBRappaBBaBaa •■BBaBBaBBapapB 
RRRRPRRBPa RRRRBapRBPBBBBPBBPBBBBBBBBPBaBaPBRBBBappapPPa 

ppp BP PPPPP aPBBPPPBBP PPPPP PBP RRRRPPPRPRPRRRPPP RPR BP api 

pppappBBPPPPBpaaPBPPBpBppBappBkBBppBPBaappBPpppPBa tai 
RPPPppppPB •BBBPaBBPPaPBBaBPaaBBBapapaBaappBppBBBBPPpi 


'aPPBPaPBaBBBBBaaaSBaBaBBBBaBBBBBBBBPPPI 


PPPPP RPBBB BBBaPaPBBaaaBBBBBaaBBBBPBBPBBBBPBBPPaPPPaBBBP 
BBPBBaPBBB BBBBBBaaBBaBPBBBPBPRHPRPPaPBaPRPPRRRPpPRIBPRR 
PPPPPPPPPP (PPPR PPPPP RRPRR RBPPaRPPPRPPBBBRPBBP BPB BBVBBBB 
PPPP BPBBB BBPPB aBPBBBBBPaBPBPBPPBaB PPPPP PPPMRtPPPP 


aBBPBBBBBBBBBBBaBBBa 


'BBBBBBB aBBBaaBBBaaBBBaaBBPBPBBBBBBPBBaaPPBPPPBBPPaPPBPPPBaPPPB 


ppBPpa aPBB'PBPaBBPBPma aappa aPBBPBaBBpaaBBBaappp«»pBpaBRRaaBPBPPppBBPk'PBBapppl 

iRppapRppRaii iiBPiiippiiBRiaBPPBPPBBPPPPPBBBPBBPBPPBaiBBPPaappBPBPPaaPBBPppBBiLiapPB BBBPPBpaaaaBBPpRBapi 
B RPPBPBPBaP a BPPaPBBPBRBPPP BPBPP BPBPP PP BBB BPPPP pPPapaPPPB BPPPP PPPPPPPPPP RPPHRRRRRa a RPRPPRRPRRPBRRRRPR* 

B BPPPB aPBBBPBPSPBBPPBBaPBp'BBBPBBBaaBPBaaBBaBBaBaBaBaPBBBaBPBBaaPBBBaBapaaaB^PRRRBBBapPBaaBBBBBPt 

BRPPBBPBPRBBPBPBRBBBBBBBBBBBBBB BBBBBBBBPB BPPPBaBBPB BBBBBBBBBR BBBBB RRRPR RRPPPBRPRP RRRPPaPaRR PPRRPPRRPB 

s:8:H:!Kn:i:l8s8:::s8s::!!!::B»Hs8::iii::s::8s!ss::85H:88588:^ 

a PBappaBBBppBBPaBBppa apppaaappa pppPBPPPaa PPRPPPPPRRaRHRRPRPPRPPPPBBBBPBPBBBBaBBBBBPBPkapRPRPRBBRBBPPa 

iR RPappRPRppRpRpaRPRRaippRppaRPa brrrrrbrbb RRBPBaPRpRappkRRBkPBBBBPBBBBapBBpaBaBPBBBBBBBapaBBkaBBPBBBBa 

R PNRPPRPPPPPPPPBPBPBa RPPBBPBBSB BBRBBPaBPBmBBBPBBBBBBaBBaBBPBR RRBPPBBRRRPPRaRRPPRRRRBRRBPBRRRBPRPRPPHl 
PB aPRBPBPBaa PRapRRPPBB PPPPP PPPPP RHRpBppBBaBBBPBPRPBaBPBBRar 

BBBaB a BBBBB BBBBB BBBBB BBBBB BBBBB bbbbbRRPBRBPPPBPPBPB PPPPP BPPPB P*-----*-- ! 55NNN!9!959NNN59!N??!N55NfNN!l 

aaPBBBBBaBBBPBaBBPBaaBBaBBPBBBB BRBBBRRPBRHPPBPBPRPaRPBRRRPRPai- — 

BBPBPBaBPRR RRRPP RRRaRRPRRRBBRPBRPRBPRPPRR RRBRR aRaRBaPRRBRRRPaaaRPPBkBBPRaBBPBBBBB BBBBB BBBBRPBBPBBBBBI 
RRPaRaRRPPRRRR»RaBRRRRRPPBBRBPaapPBPPPPBBBBPBBBBBBaRBBBBPPBPBPPBBBaBBBRBaBPPBBPPRPRPRHRPRRBPPPPRRPPP« 
a apBBBRBBPa PBBPB BBBBB BBBBB BBBB a BPBBaaBPBB BBBBB BBBPB BBBBB BBBPBBPBRBRPBPa PPRRPRPPPPRPPPP RPRBB RPPPB1IPPP« 

a BBBBBaPBaaBBRBB BBBBPBBBBBBBBBB BBBBB BBBBB BBBBB RPBBP BaBBaBPBBRPaBPPPRPPBRBPPR PPaRP HRPRBRPRPB 

kRBBRiBPBBBBRPBBRBBBaRPBBBBBPBBBPaBBPPBNa BPBPP PPPPP PPPPRRPRRaaPRPPRHSRRRaRBRRRBPaHPXRRPaRPB 

a RPBRR RRPRR a PPPaaPRRR RRPRR BRRRBakPBRRRBBRBRPRR RRRPR RPPRRRBRPPRBBPPPRPBR PPRRPBPBPRPPRRR RPBPR RRPRR RPRPt 

^RPBRRRBPRRRaRRa RRPRR RRPia RRPRR RRBPa RRPRR RRRPR PPRPPBPBBR RBBBXBBPBBRBBBB BRBRB BBPBBPapPB 

iRPBBRRRPPBRPRBRBRBBBRBPiPBRPBBSaBkB BRPBBRPBPRPBBBPRPBBRRaPRPRRPRRRPBRRRPaPaBHPRBSRHPB 
— — -aaPBPaBiBPBPPBBBPaPi 


ao 


I <1.0 




‘03 U3SB3 9 

‘V*I<ANIMVN Ml Ol X 4 

/.zei HONI Vi ox 01 X 01 


ORIGINAL PAGE IS 
OF POOR QUALITY 






A ^ 'if(. ~ _ oiS o 7 ^'T T 

4 X/ 44 ' 


;=/t.6w- ir^X^jpat-T ^ . 0O//3 :=. Zi.'9-3.£-){iO~'^ll/i><i 

4- 


o 


c- ^ ^ %:lI }J)/xt"- 

■? 0 7 r’' ^«c. 

Ii^aJ ^ ^ 5'77 X/44'7 


^ 9.:li )C.CX<^ ^ 

/. ‘^4S'y/o'^x/3- 

4 X./.S'/ 075T -.'^4-Q 


^p - . 015 -T ”* <?.0'57/ ^tr/ 


T^‘ 

^ fS *p 5'ci, -e 

T -ft- 55 /**'€. d tc^p 


YU 

ke>T elf's p!<*.C'^f-, 

T' 

ll 

h-^ tn ', 7 , 

ok:/ J 1 

ct c7~! 




-f- /« <a-^ *I / 7 '*' </ ■€. ‘®- 5 ^ 
'<0 7 "^ ■e 4 ^acfcs /</-<2 o-^- 

^e<.7“ o tv t*\a'J~of' J>*it/e 
p^-e.9trot-^ 


AIRESEARCH MANUFACTURING COMPANY 
OF CALIFORNIA 


74-9896-1 
'Page 12-56 




Originai; page & 

OE POOR QUALIlT 

(!^ 

>-1,^ pm U^'ilf o<ppf^Ki^aTy 

^ ^ ^ ^ j ^ ■c^ 5 o/--£ ( ec n. c ■<.S' //^ 

T ti t l/o , (^ l/tfilay?i^ C*^ 't'U^Se, is ,' 

^ o * 7 ' 5 ^) •^/•^ 

•Th r/.^ CL>^l>'i^^vf u^; ll ka(-^ a. 

/'-cfi-tf .c»3<^) 1^, <Z^(CK,[ .l-e^^y-^ T^ '^Kaio A-c./^t»<n- «.C£€?5 
*yo Tt,-®. Cho^^^k. c.n.'S-^ (PuT-d^h d I a,t» ^'T-a./ =*-f- 

iV l.S- 2 -r Tk^ 

5/"^^ t^Ul cjT'.Ci^^J... 

'T'tii.S c/-€,•9c^^^ f5 d Uy') f [ ) 1^1 <.o f- ^ 

^ . ... ! „' .. '_■ /.' 



Al RESEARCH MANUFACTURING COMPANY 
OF CALIFORNIA 


74 - 9896-1 
Page 12-57 



original page is 

OF POOR QUALITF 


■ 




fioo^ tn.^ 

t H £ T -e. Col^ Pi^pj^c-^t iT^ U/t)^T p!*^ 

k o o Kf f yi^ <x o4- d f ^ '^T '^1 to hi 

♦ 

hii-'s'T 'fltpuj pct^'f~ J'lo-e. <iiS l~U~a. 4 1 s^fac-Gi 

< 't (fctT'-^ 3 ^ Ho SJ^-^cf-CLl 16 h ifet. 

Ti\ -i. la tt^ ^Ci.'tU. /s' p^oLy't I joy Ol ^ CL ja hjc 7^ 

'rli-t U/ t\ -iT J^( yj Ua 05f n-^ A <l T~lt -A. J^ccti iio *^5/ . 

l^'-t in . u ^' T ~ f^^ 57 ~ < j ~ e ^ T -<~ i : i *}< *€- lo ^ aY '^ oi ^ 

* r 

C<^ f'CcY^-e.^ /t J i^jfl . ii'-a ^ t H Tii-^ cyr7 T^t i<>i c/ 

^^p v5/h^ 7”/“^(/ec'4r'^' ^ct~cT^^S ^ *X ^[^u> h<=iT-^ 

|5 d 'cT-e^' <l 1 ^ Ci. S I ^ ^ Wlct y\ yO' 5 ^Ji 

^ f- <t/7 A^<t5-e . Pi/-?r fl-K Kyff’i^ -e-s-? «» M 'po/' t^olc$Yj-4^ 

C/ C 'J~ t c^ y\ (J'p A5 t]l>^ye(cfpQ d % 


4,5 a. 


^ >Y> I y} 15 T'ii't I v.iti -t- . H-> yi 'TA-C. ic ! <L J i S p?!oc -6 <f 

1*5 C.T J-eciJ ^. Or*nL l / j ^ 1 6 7 “t|-«- 6> io^Y 


l/^(c/hi~i.. TA-c. ^CSpfcLC-cr 0 .<f-(% 

Y^i-u lOMy pt*^ Uau'^i'n^ 16 O. ^ lh,^P' 


AIRESEARCK MANUFACTURING COMPANY 
OF CALIFORNIA 


74 - 98 96-1 
Page 12-58 






^ -e ^7 


O hc^<t4 ^ d c^4" T ^ ^ hf sT' jp / Ltac^St*^; 

^'<^cilr~Ly^ U^osi^ j's O,oy^o', y^^ct I 7^\-^ 'STf-oJc-e. is 
C> . i€ i'^ . 


T tuc/5 c ^ ^ ' '^ 2. O . oo-y^'c/^ , i, ^ 


a.-? 


1 ^A -" • - . /J69 ^ 




n 


(>5 




00 


'^r^t'h 


15 -Gj 


~ dl^ t€>s ^ 


^ - c-<^-7rf5“ O- 


cl t 


~ 5 /'*, eK 


dT- z/^r 


4.^J 


<^T 


et.t'^ '4 -e-^v TUuf.r- t t^^jOc^hJ 

T-^wvif k i 



AIRESEARCH MANUFACTURING COMPANY 
OF CALIFORNIA 


7/f-98 96-1 
Page 12-59 




originai; page i& 
POOR QUALF3Y 



v'T I'T C/'^l 'Tin 


\.p^hjp 


T-<^ T-€- 


^\‘‘l -i^ 


htYi'S. 



Vl/ ^ f ' 


07S^f 5 - P 

f (• 

- .ovs'^S’ccsi^) iL / 



^ r -^K*o c<^*^ J 




^ j c» 

(jf 

/•Sa cupp>(y TL-^ 


/ 


(9 

p 




Jr/js 

dec ) ^ 

/ ^ 



/^•/3 

,^>772^ 

S'/, 3 c. 


?c? 


fpS" 

33^. + 6 - 

.PQ.73P 

f=, 2 -«r 

•1C>II *000 

^0 

9'7^Ar' 

-TG^> 

57. 1 

.cJST?fJL 

^7,(& 

.Ts^'a ,000 PS"/ 7 

(><? 

7?^.SY 

-73r7 

'79.6/ 

>paCT3 

7 .T 2 

.aa/oy^ 

7‘?>.7i 

1 

■ 7^.^? .. ; 

0 

"/a 75 ^ 

0 >,<>0 1 0 ^ 

\(<^ 

75i?.oi_ 

A 37 7 

7x.7g' , 

-.oatr? 

-■ 305 L 

^ 3, 5 ^ 7 jT" , ac? io 1 

I3<> 

‘^yccr 

.76. (S 

5^-69 .. i 

oS 0 f 2 . 

. 'f5:e>6 


1 ro 



■?7,g^ I 

- . <’f 77 < 1 . 



I7a 

‘n^.3C 

M3(7y 


-.• » 77 . 3^6 . 

''£ 2.77 

"“-^. 6/3 *OaooO( J 

;9c^ 

723 .J 3 

'-■l?3G 


^ .0 77iC> 

'47^/ 

-~^A73 - .OoaT^<i-S^ 



-. 5 - 

'35:67 

- ■=>«.7'?4- 

'3^.3r 

—5:5~9^ "-. <='=g6c'<f’5 

0-'^e> 

S7r./7 

-.7^6 

- 54.03 


"22 ?a 

^ 3,<yfp. /f, — 

:x$-o 


".73?7 

'^£7/ 

-,.o46‘5'3 . 

-C-3o 

-.7(0 5 -.ooo7673 

^lo 


~l 

'69.7a 

6 

fo.:3,g' 

Or . 00 /O / 7 

2.70 

7<i>/. IP 

' 7?77 

'fe6-45 J 

:ax&7'3 

. 2^.73 

f. T33 -.0 oa‘=)<1-i7. 




^r4.S^ 

. - 

. 3.7-33 

/.??'7^ -.ao'o77 7 ^ 

^3c? 

^^7-73 

-.5“ 

T3f.3^. ■ . 

^0 675?^ 

</-TS)o 

.?S7«r - 


°l^.76 

-.173C 

''My 

■«y.7^ 1 


>^3l -.ooo; 5 >o^ 


m c/ ir\ 



AIRESEARCH MANUFACTURING COMPANY 
OF CALIFORNIA 


74-9896-.I 
Page 12-60 







-* V£> 

ro cTv 

I I 

(T^ 


•OO U1S63 9 •\'2Adn3)t 
^3N3Nye*1V • NJ Ot y 4 

£.Z£l 9V HONI Vi OJ. 01 y Ol Sk^/1 



ORIGINAL PAGE IS 
OF POOR QUALITY. 


Q. 


y l\ ^ n / ^ iox^ 16 o . ^ Ci / / cf' ‘V / 


t Cv } ic c.-*':, cl^cihCcic^O Ccifcc^ 


1 

'1 c( >■ l'I(^ *>i -C 

. Cc-«<. <s.y-7 T^ey-e 7<> /■ -« -f /• /cVv 

cl 

r 

/t-T L-ez-'i 

C /'^ 1 «T •< 

/“ e» <7.^ T ^ ‘-<'» 

Ci lyi > httnoi-r{ T k 


1 -e ^ d ^ 

Lfc^' pt}^ P U. ( s 

CJ, •5‘ D- <’t. 



C 

/ 


Uc.il y 

f. 

, 4-^lJpffS 

A/^ 

/ . 

■FT^ 


3 


<3c-‘7 

73 fio'’ 

-5^ .o?('r 

753 .0 

?/' 8 ' //.72. 

- 3r 

.0 ! 

l.74-7zK/a ^ 5“3 


G.7^ 


. c: 1 7 


4.7 

?5'3 


.<>22 3 

, c 1 . 


3.2G6~ .oa/?7 

7>~3 

4-ll 

. aa)f/7 

. 0 - 4 - 


'°oo<i.Tj 

7F3 \ 

/ ^.?J 

. <^c-/<L. 


^{5 f U «H -ft. - 

L X4c. X )4- 4- 



■ 


J i4fLk^-e ^ ut/^ 




F<^tcT«5»/- - 0 , 04 ^ 73 ^ 


C 

t 

I/»| c) 

t^5T/ 




> Vl 

I7:/I/ )*}! 

U/'a.?'Td 

^i/ <^,T 7^ 

U^"'« 7^7":#' 


. Off 

. 0 1 c 3 

. oc^7^ 

. 0 (T 

.OafCyi 


1 

• 0 a c' ^ 

. c’c’7-5’4- 

. CJ oZ5'^ 

. 0 /o 37^ 


.c,f 

. c "-i a ^ 

^ 0 ( / 73 

‘ ^0 \c Q:, 



.0 -3- 

' c 4-Ji 

,ofF^ 

.0<fC> 3^ 

. <^I6>07 


. c* 4— 

.O'Sy'y 

,0313^, 

. c^aao Q> 7 




P/*’T T"^-e.-5^ (5 tv ^ 





AIRESEARCH MANUFACTURING COMPANY 
OF CALIFORNIA 


I 74-9896-1 

I Page 12-62 











». V 

cIpT'I^c)^ lhck*-S C 

% 

J^r^Li" 5 / c/ -C. •' 'Tixt-S L''a.(e^-^ uj)(l ^ (/ 

.1 n Tex 'y -e \yf^ (J^ s \^ , 


page a 

OOR QUAU’TSU 



i 

AIRESEARCH MANUFACTURING COMPANY ! 

OF CALIFORNIA ' 


74 - 9896-1 

Page 12-64 



l/al d 


ORIGINAL PAGE E> 
OF POOR QUALITY 


•t "^c-^p I/O id l/'o/oMi^ 1« 5 <^*n *-!« /•/ Z-C-i/ 



- llo G 

P t((^t Wfc/ck' Flou^ p^Q,^i^aL^ -es 

.f7 ?'3 

lctp£.te<i clT" £'^lT^qt«<rO 

- 0 / -7<f 


.■^4-S- 

Soi^p H^aT* p/ " sTh i*^T7o 

• tiy^ 

H<?T J^cPtY^ 

- 2-T2. 4" 5” 


.0^1 

pcct 5 

(.46^ 

kcct^ ^ Pat^s 

. 0^13 

l<Jfc>t- and 

. lc?X^ 

/JJi*Tionec( Chcti^f^ccc^^ Af^/Zy' J 

- , . > ' ■ }{<n P/^^c•V ^ 

• 33 G. 

ToT a ( /<? 1 u^t1 ) y) . . 

3.os~3[ 



AIRESEARCH MANUFACTURING COMPANY 
OF CALIFORNIA 


74 - 9896-1 

Page 12-65 



SECTION 13 

DESIGN OF COLD END SEAL 


AIRESEARCH MANUFACTURING COMPANY 
OF CALIFORNIA 


74-9896- 



SECTION 13 


DESIGN OF COLD END SEAL 


The cold end seals function to control the rate of leakage which bypasses 
the cold regenerator. This function is critical in the refrigerator design 
since leakage past the seals can result in a significant loss in thermal <per- 
formance. Leakage past the seals bypasses the regenerator by flowing through 
the annular space between the cold displacer and cold cylinder walls. At low 
leakage rates, the displacer and cylinder walls effectively regenerate the 
leakage fluid temperatures and the resulting thermal losses are small. As 
leakage rates increase, the walls can no longer function as an effective 
regenerator, and significant losses in overall thermal performance occur. 

DESIGN CONFIGURATION 

The basic configuration of the cold end sealing system is shown in Figure 
I 3 -I. Seals incorporated in the cold end sealing system, from the cold end 
toward the sump end of the cold displacer, are as follows: 

(a) A 0 . 025 ^ m ( 1.0 In.) long, close-fit annular seal with a clearance 
between the Inner wall of the regenerator and the seal of 0.0000635 ni 
( 0.0025 in.) maximum. 

(b) A 5-groove labyrinth seal with a tip clearance of 0.0000635 m 
( 0.0025 in.), a groove spacing of 0.00127 m (0.05 in.), and a 
nominal tip width of 0.000127 m (0.005 in.) 

(c) The first linear bearing, which acts as an annular seal with a 
clearance of 0.00001017 m (0.0004 in.) and a length of 0.0254 m 

( 1.0 in.). 

(d) The bearing support member^ which acts as an annular seal with a 
clearance of O.OOOO 89 m (0.0035 in.) and a length of 0.042$ m 

( 1.69 in.). 

(e) The second linear bearing which is Identical to the first. 

The arrangement of the machine is such that these sealing elements are 
In series. 

As with the GSFC 5 watt VM the linear bearings and the bearing support 
are used as part of the sealing system. The mechanical arrangement of the 
machine allows the use of these components as seals without penalty. The only 
disadvantage In their use Is that the leakage rate Is dependent on bearing 
clearance and increases as the bearing wears. However, the loading and rate 
of wear of these bearings is low, and will provide over two years of operation 
before bearing wear affects the performance (even in the worst case analysis). 
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METHOD OF ANALYSIS 


The correlation for analyzing the leakage past both labyrinth and annular 
seals were developed and modified to match the seal test data In Ref. 5. 

The appropriate equations are: 

for Labyrinth seal 


u),V RTl 

L o ' 

2 2 2 
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Figure 13-1* Cold Displacer Sealing Design Configuration Schematic 
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for Annular Seal 


AP. 

1 



r48ii. 


Du^g A 


(13-2) 


Then noting that: 

N N 

APt = E AP. = 2 f,(w.) 
T O I Q I I 


(13-3) 


Where 


P.p = the total pressure drop across the series of sealing elements 
i and N = the Identity and number of elements respectively 
then further noting that 

‘"t = \ = '“a " “i . (^3-4) 

that is, the flow past each element is the same, the pressure drop can be 
computed as a function of leakage rate from Equation (13-3). 

PERFORMANCE CHARACTERISTICS 

Leakage Rate 

The configuration of the cold end of the refrigerator is such that seal 
elements can be added in series (or subtracted) as desired by providing flow 
passages into the active cycle volume at different locations. Figure I3-2 
gives the leakage rate as a function of pressure drop for the combination of 
all seal elements in series. The design combines all possible seal elements 
to minimize the losses due to leakage. 

Figure 13-2 presents leakage rate data for seal systems with both new 
bearings and bearings after 2 years of wear. As the bearings wear, the clearance 
of the annular seal (the seal which the bearings form with the cold displacer) 
increases and hence the leakage rate increases. The bearing wear rate used in 
the analysis is based on data for the wear rate experienced in the linear 
bearings of the Ai Research IR&D VM refrigerator after 50OO hours of operation 
(Reference 6). The wear rate experienced during the test has been doubled 
for .conservati sm. 

The dashed vertical line in Figure I3-2 corresponds to the maximum limit 
of pressure drop across the cold end seal. During the preliminary design 
phase, it was planned to utilize a special screening process in order to assure 
uniform size spherical slot in the cold regenerator. This would insure that 
the pressure drop was as predicted for the uniformly packed bed of spheres. 

The special screening process has since been eliminated, as it is felt to be 
unnecessary. The resulting minor variations in regenerator packing size may 
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lead to pressure drop increases. Therefore, as a further measure of conserva- 
tism the vertical line shown on Figure 13“2 includes a regenerator pressure 
drop 2.5 times greater than that calculated. 

Thermal Losses 


The cold end leakage is important, in that it influences refrigerator 
thermal performance. A good approximation of the thermal tosses associated 
with the cold end leakage is provided by the simple model developed below. 

Figure 13-3 depicts the basic elements of the thermal loss npdel employed. 
Taking an element of length (dX) along the annular flow passage between dis- 
placer and inner regenerator wall, the following differential equation can 
be wr I tten : 

dT. hA hA 

t . c _ c _ 

dX (i)C f ~ d)C 0) (13 “5) 

P P 

Where 

~ temperature of the leakage gas at any location X 

^u) ~ temperature of the regenerator and displacer walls at any 
location X 

h = local heat transfer coefficient between leakage gas and the 
surrounding walls 

= heat transfer area per unit length along the leakage path 
(i = rate of leakage 

^ capacity of leakage gas 


Then if a linear temperature distribution is assumed along the displacer and 
regenerator walls and ratio of heat transfer coefficient to gas heat capacity 
IS taken as a constant, Equation 13*"5 can be written as: 


dT 




(13-6) 


Where the new terms are: 
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Figure I 3 - 3 . Leakage Thermal Loss Model 


T = 


X = 


wall temperature at the sump end of the displacer 
refrigeration temperature or wall temperature at X = o 
length of the displacer 


Solving Equation I 3-6 with the boundary conditions of = T at X = o 
yields: 


T -T 

T a o 

‘f " X 


X . i + i 

O' a 


+ T 


(13-7) 


If the leakage flow were completely regenerated by the walls, the temperature 
of the fluid would be that of the wall at the end of the displacer; that Is: 


X = X 


or if flow (leakage) is considered in the reverse direction 


T 


f 



@ X = 0 


In setting up the relation for T^, this 

condition assuming flow in the positive 
ships for flow in the reverse direction 


latter condition was used as a boundary 

X direction (see Figure 13-3). Relation- 
are similar but are not developed here. 
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In the actual case, due to the cyclic operation of the VM refrigerator, the 
leakage flow does reverse direction. The leakage losses can be estimated, 
however, by considering flow in one direction with an appropriate time span. 
With this consideration the thermal losses per cycle due to leakage can be 
expressed as : 

\ “ f l“l 'p dT (,3-8) 

Where 

J implies integration around the cycle and 
T = t i me 

Assuming a constant leakage rate, the leakage thermal losses can be expressed 
as : ' 

“p 03-9) 


Figure 13^4 gives the losses (Equation I3-9) as a function of leakage 
rate. The thermal losses at leakage rates corresponding to the design limit 
levels of pressure drop and associated cold end leakage rates (see Figure 13-2) 
are shown in Figure 13“^. It Is noted these losses are estimated for the 
machine after two years of wear; thermal losses due to leakage are negligible 
for a new machine* In fact, the leakage thermal losses for the machine after 
2 vears of wear are expected to be considerably lower than indicated in Figure 
13-4 for two reasons, first, the bearing wear rate used In estimating the 
leakage is considered to yield a conservative result as previously mentioned. 
Second, constant leakage rates at their maximum levels were used in estimating 
the losses by use of Equation 13-9- In the actual case, the leakage rate is 
a periodic function with an average value on the order of 70 percent of the 
maximum. Thus not only are the losses lower due to the decreased leakage flow, 
but the regenerator and displacer walls more effectively regenerate the leakage 

gas, further reducing the losses below- the maximum values indicated in Figure 
13 “^. 



AIRESEARCH MANUFACTURING COMPANY 
OF CALIFORNIA 


74-9896-1 

Page I3-7 



LEAKAGE THERMAL LOSSES, WATTS 


10.0 



Figure 13-4. Cold End Thermal Losses Due to Leakage as 
a Function of Leakage Rate 
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SECTION 14 


DESIGN OF HOT END SEAL 


The hot-end seal functions to control the leakage rate of the working 
fluid which bypasses the hot regenerator. Leakage bypasses the regenerator 
by flowing through the annular space between the hot displacer and the inner 
wali of the regenerator. Excessive ieakage results in a loss in thermal per- 
formance, therefore hot end seal design is an important consideration. 

At low leakage rates, the hot displacer and cylinder walls effectively 
regenerate the leakage fluid temperatures and the resulting thermal losses are 
small. As the leakage rates increase, the walls can no longer function as an 
effective regenerator; thus significant losses in overal i thermal performance 
resul t. 

DESIGN CONFIGURATION 

The hot end seal is unchanged from the preliminary design configuration 
(Figure 14-1) and consists of the foiiowing two elements, from the hot end 
toward the sump end: (1) a 5“groove labyrinth seai with a tip ciearance of 

0.0000635 m ( 0.0025 in.), a groove spacing of 0.00127 m (0.05 in.), and a 
nominal tip width of 0,000127 m (0.005 in.) and (2) a 0.0254 m (1.0 in.) iong 
close fit annular seal with clearance between the inner wall of the regenerator 
and the seal of 0.0000635 m (0,0025 in.) maximum. 


These sealing elements are similar to those used in the cold-end seal 
except for the diameter. One major difference is the use of linear bearings 
as part of the sealing system for the cold end. The bearings are not used 
in the hot-end seal and thus the performance of this seal is independent of 
wear (or operational time) . 

It should be noted that the seal is located in the highest temperature 
region possible within the machine. The leakage rate is an inverse function 
of the temperature, therefore, this location minimizes the leakage rate for a 
given seal configuration. The seal des ign . selected provides very low losses 
as discussed in the following paragraphs. 

Method of Analysis 

The method of analysis is identical to that used for the cold end seals. 
Performance Characteristics 

Figure 14-2 gives the hot-end seal leakage rate as a function of the 
pressure drop across the seal. The design limit pressure drop and the asso- 
ciated leakage rate shown in Figure l4-2 corresponds to the preliminary design 
goal maximum pressure drop across the seal. This pressure drop includes the 
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Figure 14 - 2 . Hot-End Seal Leakage Rate s-77560 

vs Pressure Drop 
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maximum pressure drops across: (l) sump ports to backside of hot displacer, 

(2) Section 1 of the sump heat exchanger, (3) interface between sump heat 
exchanger and hot regenerator, (^) hot regenerator and (5) the hot-end heat 
exchanger. Due to the use of maximum pressure drops — pressure drops correspond- 
ing to the maximum flow rates at a rotational speed of 400 rpm — the indicated 
design leakage rate is conservative. 

Comparing Figure 14-2 with Figure 13-2 (Figure I3-2 gives the cold-end 
leakage rate vs pressure drop) a major difference is noted. The hot-end seal 
is completely non-contacting and is not subject to wear. The hot-end leakage 
is therefore independent of operational life. 

Figure 14-3 gives the thermal loss for leakage past the hot-end seal as a 
function of leakage rate. The method of calculating this thermal loss,- which 
takes into account the regenerative effect of the displacer and cylinder walls, 
is identical to that used for the cold-end seal thermal losses. The loss 
indicated for the design limit conditions is not significant compared to the 
80 watts maximum power input to the hot-end required to operate the system. 
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HOT END LEAKAGE THERMAL LOSS, WATTS 
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NOTE: LEAKAGE, Kg/sec = 0.4536 x LB/SEC 
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SECTION 15 


CONDUCTION LOSSES 


The VM refrigerator contains three distinct temperature zones: the hot 

end, the sump region, and the cold end. Any material which connects regions 
of di fferent temperature s thus exposed to a temperature gradient, and will 
conduct heat from the higher temperature region to the colder region. Heat 
conducted from the hot end to the sump is rejected to the cooling water 
without contributing to the cycle pressure variations. These conduction 
losses must be minimized in order to maintain the thermal power input within 
acceptable limits. Heat conducted from the sump region to the cold end 
represents additional refrigeration load, which must be returned to the sump 
region by the working fluid. The conduction losses are included in the calcu- 
lation of net performance, presented in Tables 3-2 and 3-3. The losses are 
summarized here for convenient reference. 


METHOD OF ANALYSIS 

The method of determining conduction losses is straight forward; details 
are given in Volume I of the Engineering Notebook, "Thermal Analysis". The 
only conduction calculation requiring special information is the one associa- 
ted with the packing (matrix) of the regenerators. Here the properties of 
the packed beds were taken from Reference 7. 

CONDUCTION LOSSES SUMMARY 

The hot-end and cold-end conduction losses are summarized in Table 15-1. 
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TABLE 15-1 


HOT-END AND COLD-END CONDUCTION LOSSES 


Element 

Hot-End Losses, Watts 

Cold-End Losses, Watts 

Di splacer 



Walls 

15.90 

0.200 

Pack! ng* 

1 .00 

0.066 

Subtota 1 

16.90 

0.266 

Regenerator 


1 

Walls 

19.86 

0.818 

Matrix 

1 .69 

0.654 

Subtota 1 

21.55 

1 .472 

Dewar 

— 

0.060 

Total 

38.45 

1.793 

*Each displacer contains a low conductivity packing to eliminate convective 

heat transfer due 

to gas contained within the sealed displacers. 
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SECT! ON 16 


SUMP COOLING INTERFACE 


To properly function, VM refrigerators must reject heat from the sump or 
crankcase region. The amount of heat that must be rejected Is equal to 
the sum of: the hot end input power; the refrigeration load; all losses; and 

the drive motor input power. In the GSFC fractional -watt VM refrigerator, the 
heat rejection rate Is 80 watts. 

During Task I of the program, an ambient heat pipe assembly was designed 
for the purpose of rejecting heat from the refrigerator to a simulated space 
radiator. The heat pipe design was carried only to the conceptual stage, in 
order to provide compatibility with either water cooling colls or heat pipes. 

The reader Is referred to Reference 1 for details of the heat pipe sump 
cool i ng assembly 

DESIGN CONFIGURATION 

The sump cooling assembly consists of an aluminum block which is mounted 
around the sump region of the VM refrigerator. Water cooling coils are mounted 
in grooves in the block, as shown In Figure 16-1. Indium foil Is utilized at 
the interface between the block and the VM refrigerator in order to minimize 
thermal resistance. 

The aluminum block design, depicted in Figure 16-1 employs an interface 
clamp design which is adaptable to use with either a water cooling system or • 
an ambient heat pipe assembly. The cooling coil is soft soldered to the alum- 
inum block, as shown in Figure 16-1. The soft solder provides good thermal 
contact between the cooling coil and the aluminum and, also, allows heat to 
be distributed over most of the coil circumference. 

The two halves are mounted on the engine sump with indium foil ,0.0000762 
m (0.003-in.) thick at the Interface and four bolts located in slots as shown in 
Figure 16-1. This scheme provides good thermal contact between the block 
and the sump while providing detachabi 1 ity of either the heat pipe assembly 
or the cooling water assembly. 

The bolts use compression washers under each bolt head and each nut to 
achieve an interface pressure in the range of 3.^77 x 1 0^ (56) to 6.895 x 1 0^ 
N/m^ (100 psi) (between the engine sump and aluminum block). The fluctuations 
in the engine sump pressure will result in an increase or- decrease of the 
deflection experienced by the washers while maintaining the Interface pressure 
in the desired range. 

An analysis of the water cooling coils was performed similar to that for 
the 5 watt VM. The analysis indicated that the cooling water must pass through 
the four sections of the water cooling coil in series. The water flowiwas 
assumed. at 0.00315 m^/sec (50 gal/hr). The maximum temperature drop from the 
sump gas to the cooling water with this configuration is approximately 6.67*^K 
(12 °r), which is less than the 11.1°K (20°R) allowed in the design. 
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WATER COOLING COIL 
SOFT SOLDERED 
TO ALUMINUM BLOCK 




Figure 16-1. Aluminum Block Design Details 
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DESIGN OF WATER COOLING COILS AND SUMP INTERFACE 


The analysis presented on the following pages was performed when it was 
planned to use copper for the sump cooling collar. Subsequently, the material 
was changed to aluminum in order to save weight. The material change affects 
the conduction temperature drops and fin efficiency calculations presented 
here. However, it has been determined that the overall temperature drop from 
the sump gas to the water in the cooling coils is within acceptable limits 
with the use of aluminum. 
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APPENDIX A 


REGENERATOR ANALYSIS 


General 


The regenerator is one of the most important components of the Vuilleumler 
cycle refrigerator. It is a heat storage device which Is used at both the hot 
and cold ends of the refrigerator. At the cold end, it is used to cool the gas 
as It flows from the sump region to the cold expansion volume of the machine. 

The expansion process of the gas reduces the gas temperature further in order 
to provide cooling at the cold temperature. After absorbing heat from the 
refrigeration load, the gas is then exhausted from the expansion volume through 
the regenerator where it regains energy previously stored, to the sump region. 
This reestablishes the temperature profile in the cold regenerator for the in- 
coming gas for the next cycle. 

The process in the hot regenerator is essentially the- same as that at the 
cold end. The gas flowing from the sump region to the hot end is heated in the 
regenerator. As the flow reverses, an expansion process begins, which tends to 
cool the gas. This allows heat to be added to the gas at essentially constant 
temperature from the hot end heater. The gas is exhausted from the expansion 
volume through the regenerator where it transfers energy to the regenerator 
matrix and is cooled. This reestablishes the temperature profile in the hot 
regenerator for the incoming gas for the next cycle. 

The design requirements for a good regenerator are that the regenerator 
packing be of a material with a very large heat capacity and that the packing 
have a large heat transfer coefficient and a large heat transfer area. The 
basic tradeoff for the design of a regenerator is between irreversible pressure 
drop and heat transfer potential with a minimum void volume. 

The analysis of the regenerators for a Vuilleumler refrigerator cannot be 
based on the classical effectiveness parameters which make use of inlet and out- 
let temperatures. The system pressure fluctuates and a considerable amount of 
gas is stored in the regenerator void volume during the flow period. This 
results in the mass flow of gas into the regenerator not being equal to the 
mass flow of gas out of the regenerator at all points in time. 

Computer Program 

In order to analyze the regenerators properly, a computer program making 
use of finite difference techniques has been developed by A i Research. The 
regenerator is broken into axial nodes; these separate nodes are used for both 
the gas and the matrix. The following basic equations were used to develop the 
difference equations which the computer program solves. 

1 . Gas Nodes 

The continuity equation can be written as 

(A-1) 



AIRESEARCH MANUFACTURING COMPANY 
OF CALIFORNIA 


74-9896-1 

Page A-1 



where p = gas density 


T = time 
u = gas ve 1 oc i ty 
X = coordinate 


Se tti ng 


G = p u 
3x 


Now writing the difference form 

^Pn - p\ 


n n+ 1 


AX. 


At 


7 


the refore 


G = G ^ + Ax 

n n+ 1 n 



The momentum equation for the gas is 

au ^ Su ^ 4f , 2. ap 

p p"' ^ ^ ~ (p^ ) + ^ 9, = 0 


dx 20, 


dx 


(A-2) 


(A-3) 


(A-4) 


where f = Fanning friction factor 

Oj^ = characteristic length 

P = static pressure 

g = 32.2 Ibm-ft/lbf-sec^ 

^c 

Taking the steady-state form and substituting G, 
„ ^ - 9(G^/p ) 4./^\ ^ 


^c ax 


ax 


2Dl 


(A-5) 


Now taking the difference form of this equation^ 

(P - P ,) (G ^,) - (G % ) 

- n n+i _ n+l *^0+1 n ^n 

(Ax^) (AX„) 


I 


AIRESEARCH MANUFACTURING COMPANY 
OF CALIFORNIA 


h A 

( n+l ] 

\2Dh / 


G ,1g ,1 Af \ G 1 g 1 

n+I ' n+l * j. I ri j nl n' 


P n+ 1 


20 , 
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Now solving for P 


p . p , + — ' 

" Vl=n+I 



-'C yn 

The energy equation is 


+1 G ,1 

' n+ 


G I — 

n+l ' n+l 


AX ^ 

-6 +IG I (-^ " 
n ' n' \ D. 


&(cpT) a(c puT) 




St 


+ 


Sx 


(t - T) 


/^Ax f 
n n+ I 


(A-7) 


(A-8) 


where c = specific heat at constant volume 

V 

Cp = specific heat at constant pressure 
T = gas temperature 

U = overall heat transfer coefficient 

A, = heat transfer surface area per unit length 

JCr 

V = void volume in regenerator per unit length 

X/ 

t = matrix temperature 
This equation can be reduced to 

vP ax j 

The overall heat transfer coefficient u is defined as 
- I 

u = 


where h = 
c 



j = Colburn j -factor 


p - Prandtl number 
r 


(A-9) 


(A-10) 


A = equivalent conduction length 
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Taking the difference form and solving for future gas temperature 


T 

n 


/ 


T + 
n 


■(at )(G c T - G ^,c ^,T 

q n pn n - n+l pn+l n+i 


Ax c„ P 
n vn n 


(A-11) 




(t - T ) 
^ n n' 


c p V. 
vn n i 


The stability criterion for this difference equation is 


A 



UA 


H- 


I c 0 V 

vn n A, 


.0 


/ n..pn 

Ic ^ AX 
\ vn'^n n 


N 

(A-12) 


In the case that the time increment At required by the stability criterion 

9 

for the gas is very small compared to that of the matrix, steady-state solutions 
may be selected. In this case, the steady-state energy equation is 


a(CpGT) 

ax 



(t - T)' 


{A- 13) 


Writing the difference form 


(G , c ,T - G c T ) /UA^ , 

n+l pn+l n+i n pn n _ I l_ 1 / - j > 

AX “I V, P n n^ 


(A-U) 


Solving for gas temperature 


T = 
n 


(?) " 


n+ 1 


W / I ‘'‘n / 


2, Matrix Nodes 


The energy equation for the matrix is 
M = . t) *-!— 

Va Vi 


kA 

m X ax 


(A~15) 


(A-16) 
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where t - matrix temperature 


C “ matrix specific heat 
m 

M = matrix mass per unit length 

k = matrix conductivity 
m 

A = matrix effective heat transfer area for conduction 

X 

W^“iting the difference equation and solving for future matrix temperature. 



(A-17) 


w 


here (H A). = interface or boundary heat transfer characteristic. 


The stability criterion for the matrix time increment is 

1.0 






c M AX 
m n 


(“n'l.n) 


1 


R 


n+l 


{A- 18) 


3, D i scuss i on 

The computer program is capable of analyzing both transient performance 
and cyclicaily steady performance. The inputs required by this computer 
gram are the physical characteristics of the regenerator, heat transfer and 
friction loss characteristics, i ni t ial cond i t ions, and boundary conditions. 

The physical characteristics are reflected in the matrix areas, volume, length, 
heat capacity, thermal conductivity, and mass. The heat transfer and friction 
loss characteristics are read into the computer program in the form of Colburn 
j-factor and Fanning friction factor as a function of Reynolds number. The 
initial conditions must be fully described in terms of pressure and tempera- 
tures of the gas and the matrix. The boundary conditions that are required 
are the time dependent characteristics of pressure, mass flow rate, and gas 
temperature at one end of the regenerator, and the return gas temperature at 
the other end (basically defining the thermodynamic process at the other end). 



AIRESEARCH MANUFACTURING COMPANY 
OF CALIFORNIA 


74-9896-1 

Page A'“5 



Regenerator Characterization 


In the analyses of the regenerators, friction coefficients and the Colburn 
j-lactor have been taken from the data presented by Kays and London. The data 
for randomly stacked screens are shown in Figure A-1 and the' data for regenera- 
tors packed with spherical shots are. shown in Figure A- 2, Standard screen mesh 
data, shown in Table A-1, was used to characterize the screen matrix. Figures 
A-3 and A-A show the specific heats of Monel, stainless steel, and Inconel as 
a function of temperature. 

I • Area to Volume Ratio 


For screens. 


the area to volume ratio can be derived to be 


yS = 4(1 - €) 
d 


(A-1 9) 


where 


0 = area to volume ratio 
€ = porosity 
d = wi re diameter 


For spheres, the area to volume ratio is 





d 


(A-20) 


where 


d - sphere dlamter 
2. Hydraulic Diamete r 

Another regenerator characteristic which is required is the hydraulic 
diameter. Defining the hydraulic radius as being equal to the flow volume 
divided by the total surface area, the hydraulic radius of a screen stack is 
found to be 

''h " 4^( l-e) . (A-21) 

For a sphere, the hydraulic radius Is equal to 

f (l-e) (A“22) 

The hydraulic diameter is equal to 4 times the hydraulic radius. 
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Ref: 


Kays and London, ” Compact Heat Exchanger,” McGraw-Hill, 


N.Y., 


2nd 


Ed, 
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Figure A*"1 • Heat Transfer and Pressure Drop Data for Stacked Screens 
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Figure A-2, Gas^ Flow through an Infinite Randomly Stacked Sphere Matrix 
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TABLE A-1 


U.S. SIEVE SERIES AND 
TYLER EaUIVALENTS 

A.S.T.M. - E-l 1-61 


Sieve Designation 

Sieve Opening 

Nominal Wire Diameter 

Standard 

■ 

A1 ternate, 
No. 

mm 

Inches, 

approx, equiv. 

mm 

Inches, 

approx, equiv. 

Tyler Equiv. 
Designation, 

mesh 

1.41 mm* 

14 

1 .41 

0.0555 

0.725 

0.0285 

1 2 

i . i 9 mm 

16 

1 .19 

0.0469 

0.650 

0.0256 

14 

i . 00 mm***" 

18 

1 .00 

0.0394 

0.580 

0.0228 

16 

841 micron 

20 

0.841 

0.0331 

0.510 

0.0201 

20 

707 micron^^ 

25 

0.707 

0.0278 

0.450 

0.0177 

24 

595 micron 

30 

0.595 

0.0234 

0.390 

0.0154 

28 

500 micron* 

35 

0.500 

0.0197 

0.340 

0.0134 

32 

420 micron 

40 

0.420 

0.0165 

0.290 

0.01 13 

35 

354 micron* 

•45 

0.354 

0.0129 

0.247 

0.0097 

42 

297 micron 

50 

0.297 

0.0117 

0.215 

0.0085 

48 

250 micron* 

60 

0.250 

0.0098 

0.180 

0.0071 

60 

210 micron 

70 

0.210 

0.0083 

0.152 

0.0060 

65 

177 micron* 

80 

0.177 

0..0070 

0. 131 

0.0052 

80 

149 micron 

100 

0. 149 

0.0059 

0.110 

0.0043 

100 

125 micron* 

120 

0.125 

0.0049 

0.091 

0.0036 

115 

105 micron 

140 

0.105 

0.0041 

0.076 

0.0030 

150 

88 micron* 

170 

0.088 

0.0035 

0.064 

0.0025 

170 

74 micron 

200 

0.074 

0.0029 

0.053 

0.0021 

200 

63 micron* 

230 

0.063 

0.0024 

0.044 

0.0017 

250. 

53 micron 

270 

0.053 

0.0021 

0.037 

0.0015 

270 

44 micron* 

325 

0.044 

0.0017 

0.030 

0.0012 

325 

37 micron 

400 

0.037 

0.0015 

0.025 

0.0010 

400 


*These sieves correspond 'to those proposed as an international (ISO) standard. 
It is recommended that wherever possible these sieves be included in all sieve 
analysis data or reports intended for International publication. 
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Figure A-3 • Monel Specific Heat 
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Ref; AiResearch Material Design Data 

347 STAINLESS STEEL: ASTM STP NO. 227 

INCONEL 100: G.E. HANDBOOK, SEC. 2 


0.16 


1 ^ 

NOTES: 1. TEMPERATURE, °K = (°F + A 60 I/I .8 

2. SPECIFIC HEAT, J0ULE/kg-°K = 4l8? x BTU/LB-°R 
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Figure A-4. Stainless 


Steel and Inconel Specific Heats 



